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Abstract 
This work presents the first structural characterization of the Azuero-Sona fault zone with 

ground mapping and microstructural analyses. Of the three samples analyzed in 

laboratory, one corresponds to a pseudotachylite and the other two to phyllonites. The 

protolith of these rocks are a basalt for the pseudotachylite and a mafic lava flow with 

vesicles and blocks for the phyllites. The thin sections analyzed show a dextral shear 

sense, which once translated to the original foliation plane where the sample was taken, 

indicates a normal displacement. A folded sequence of carbonates within the fault zone 

has an average fold axial plane dipping 22 degrees towards the southwest. Shear zone 

is at the zeolite metamorphic facies. The strain determination ellipse for volcanic vesicles 

in the phyllonite yield an elongation value of 104.8% for the major semi-axis and a 

contraction of -51.1% for the semi-minor axis. The orientation of the maximum elongation 

axis has an azimuth of 196 degrees and a plunge of 44 degrees. In thin section the rocks 

only register one event of deformation. However, field cross-cutting relationships suggest 

two events, first ductile shear and then a pseudotachylite. The presence of a 

pseudotachylite suggest the record of large earthquakes.  

Introduction  

The Azuero Peninsula is located in the Pacific coast of Panama, it has a maximum 

elevation of 935m, measures 100 km from east to west and 90km from north to south 

(Encyclopedia Britannica, 2014). The first geological mapping project showed that 

western Azuero is divided in two regions by a regional fault (Giudice & Recchi, 1969). The 

southern block of the fault consists of homogeneous basalts while the northern block of 

the fault are volcanic arc basement with basalts (Giudice & Recchi, 1969). Tournon et al. 

(1989) describes an amphibolite of low- to medium -temperature and low-pressure 

metamorphism near the fault zone first mapped by Giudice and Recchi (1969) with 

metatuffs and metabasalt and a noticeable deformation and a mafic to ultramafic 

composition. Mann and Corrigan (1990) established a strike-slip left-lateral movement to 

the regional fault that separates the western Azuero and named it Azuero-Sona fault. 

They used Landsat Images and the mapping project by Giuduce and Recchi (1969) to 

put forward the model of Neogene deformation in Panama. A more recent project using 

GPS and a seemingly left-laterally displaced river canyon along the Azuero-Sona fault 
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supports the left-lateral movement of the fault (Rockwell, 2010). However, there are 

currently no structural analysis related to this fault, especially in pre-Neogene rocks.  

The objective of this work is to make the first structural characterization of the Azuero-

Sona fault. I described and analyzed 3 samples within the Azuero-Sona fault zone. 

Petrographic description was performed to establish the protolith and the first part of the 

history of deformation. Also, using Passchier and Trouw (1998) methodology, especially 

the shear zone chapter, I characterized the micro structures of the rock and studied the 

shear sense indicators to establish the structural component sense of shear.  I also 

measured finite strain within the shear zone. 

In this work I first present a basic introduction to fault rocks that can be found in a shear 

zone and how to identify them and their shear sense indicators (Passchier & Trouw , 

1998). A geological overview is presented to introduce the mapping, structural and 

petrological works made in Panama and Central America. The methodology used in this 

project consist on field work, sample preparation, laboratory and Fry method for finite 

strain measurements. The results are presented in drawings, photos, stereonets and 

diagrams of the petrography, shear sense indicators, foliations, fault planes and finite 

strain ellipse. Finally, the discussion of how this rocks were deformed, their history and 

structure is presented.  

I report one pseudotachylite and two phyllonite samples, both belonging to the transition 

between cohesive brittle fault zone and the narrow ductile shear zone. The composition 

of the pseudotachylite is mafic, so the protolith could be a basalt or a picritic basalt. For 

the phyllonites it seems that the protolith was a mafic lava flow with blocks that have a 

mafic composition and vesicles in the matrix. Both phyllonites record a dextral shear 

sense that indicate normal displacement along planes oriented N42W dipping between 

35 and 73 to the southwest in a single event of deformation. Field correlations, however, 

suggest at least two events of deformation.   

Conceptual framework 

In a shear zone there is a concentration of deformation which can be categorized in 

different fault rocks. For a reconstruction of a tectonic model the determination of the 
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shear sense in a shear zone is fundamental because it can tell the history of a collision, 

strike-slip movements or overthrusting (Passchier & Trouw , 1998). Here, I base the 

deformation indicators and interpretation of the sample rocks on the book “Microtectonics” 

by Passchier and Trouw 1998. Using the definitions therein, I refer to my fault zone as a 

shear zone, which involves ductile deformation. Also, I used Stereonet for spherical 

projections of planes and the Fry Method (Ramsay & Huber, 1987) to determine the strain 

ellipse of deformation in two samples.  

Deformation in a shear zone develops features in the rocks such as fabrics and mineral 

assemblages that record the sense of shear, the flow type, the P-T conditions and most 

important, the deformation history that the rock has undergone. The fault rocks are 

primarily classified by the protolith and the depth in which the shear took place. The depth 

of transition between the brittle and the ductile zones in a fault plane depends on different 

factors like grain size, geothermal gradient, fluid pressure, lithotype, the orientation of the 

stress field in others (Passchier & Trouw , 1998). Here, I reproduce the basic classification 

of the fault rocks based on the Shear Zone by Passchier and Trouw (Fig. 1).  

 

Figure 1. Distribution of the main types of fault rocks in a shear zone. a. is a schematic cross-section along 
the depth of a shear zone, most of the times when the depth increases the width increases too. b. Schematic 
representation of the typical fault rocks in hand sample and a microscopic view. All is out of scale since 
depth transitions depend on many factors like rock composition, bulk strain rate and others (taken from 
Passchier and Trouw, 1998, pg. 114.) 
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Brittle fault rocks 

Brittle fault rocks are located in the narrowest part of a shear zone. According to Passchier 

and Trouw (1998) these rocks “form by fault propagation through intact rock, commonly 

along some older plane of weakness, and formation of a volume of brittle fault rock in a 

fault zone along the active fault” (pg. 112). The faults can show two behaviors in which 

can generate different types of fault rocks. 1) The fault can produce earthquake by 

increasing the velocity and decreasing the resistance to sliding. 2) The deceleration and 

sliding is aseismic and stable at higher temperatures. This brittle fault rocks can be 

subdivided into incohesive fault rocks, deformation bands and cohesive fault rocks.  

Incohesive fault rocks can be found in the shallow part of an active fault. There are three 

types of fault rock in this subdivision. 1) Incohesive breccia with more than 30% of the 

rock on fragments in matrix; 2) Incohesive cataclasite with less than 30% of the rock on 

fragments in the matrix. 3) Fault gouge which are isolated fragments in form of lenses in 

the matrix. A distinguishing feature of this rocks is that the matrix is foliated. Deformation 

bands are millimeter wide planar deformed zones in undeformed, porous quartz-rich, clay 

poor sedimentary rocks and can be associated with changes in porosity (Passchier & 

Trouw , 1998).  

 Cohesive fault rocks have three types of fault rocks that have their cohesive nature due 

to precipitation recrystallization from a fluid. The types are cohesive breccia, cohesive 

cataclasite and pseudotachylite. Cohesive breccia and cataclasite probably developed at 

greater crustal depth than incohesive ones and they can form in any rock type. 

Pseudotachylite is a glassy fault rock with a very distinct fabric in which the dark veins 

have a distinct and sharp boundary with the wall rock (Passchier & Trouw , 1998).  

The pseudotachylite is formed by a local melting of the rock along a fault plane due to the 

high temperature and low pressure by rapid frictional sliding (Obata, 1995; Di Toro et al., 

2006). The velocity of the sliding can be 10-2 to 1 m s-1 and the temperature reached by 

the melting rock is in between 750-1600 ºC, a really unstable condition (Passchier & 

Trouw, 1998, pg.116; Deseta et al., 2013; Obata, 1995), Sometimes quartz can survive 

up to 1500ºC (Di Toro & Pennacchioni, 2004). After the melting, the rock cools very rapidly 

and form a glass or a very fine grained material that is aphanitic and displays branching 
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injection veins along the reservoir zone. Sometimes there are amygdales derived from 

gas bubbles in the matrix. This rock can form between the upper and middle crust and is 

an indicator of earthquakes because the elastic strain energy is accumulated for a long 

period of time and when it released in a matter of seconds it rises the temperature and 

melts part of the rock (Passchier & Trouw , 1998; Di Toro & Pennacchioni, 2004; Griffith 

et al., 2008).  

Passchier and Trouw (1998) proposed 5 items of how to differentiate pseudotachylite 

from dark cataclasites and dark layered minerals for misidentification of this type of rock:  

1. The sharp boundaries with the wall rock 

2. The occurrence of injection veins 

3. Evidence for melting such as a relative scarceness of micas, pyroxene and 

hornblende as inclusions in the matrix and the corrosion of such minerals along 

vein contacts 

4. Presence of spherulites and devitrification structures 

5. The absence of contemporaneous quartz or calcite veins (Passchier & Trouw, 

1998, pg. 118) 

Another characteristics presented in pseudotachylites are skeletal, dendritic or hopper 

crystals (Deseta et al., 2013; Obata, 1995). These are characteristic crystallization 

products of metastable high temperature conditions in pseudotachylites (Deseta et al., 

2013). Network structures of the veins in the field outcrop and under microscope are also 

characteristics of pseudotachylites (Obata, 1995). Spherical Fe-rich grains suggest a non-

equilibrium frictional melting (Di Toro et al., 2006; Griffith et al., 2008) 

Mylonite 

Passchier and Trouw (1998) define a mylonite as a “foliated and usually lineated rock that 

shows evidence for strong ductile deformation and normally contains fabric elements with 

monoclinic shape symmetry” (pg. 118). The mylonites occurs in zones with a high strain 

rate, the host rock has a gradual fabric transition between the mylonitized zone and the 

rest of the rock. Mylonites are interpreted as exhumed “fossil” ductile shear zones that 
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rose to the surface (Passchier & Trouw , 1998). Mylonites are located in the narrow part 

of the ductile shear zone.  

The mylonites have characteristic fabric elements which can make easy to recognize this 

type of fault rock in the field. In a simple shear they have a planar and linear fabric element 

in which the foliation and straight lineation are regular and planar too. Mylonitic foliation 

is an alternation of layers of different composition that can have lenses of other minerals, 

or the same mineral, inserted. One of the most recognizable features of this rock is that 

the mylonitic foliation wraps around porphyroclasts. Porphyroclast are remnants of 

resistant mineral grains which are bigger that the grains of the matrix, it develops because 

of a difference in rheology between relative hard minerals with relative soft minerals which 

are going to conform the matrix (Passchier & Trouw , 1998).  

When we are talking about mylonite we are also talking about metamorphism. Because 

depending on the grade of metamorphism and the lithotype there would be a different 

kind of mylonite. By this, there is a classification for mylonites according to the percentage 

of the matrix in relative to the porphyroclast in the rock. Protomylonites which has between 

10 – 15% of matrix, mylonites which has between 50-90% and ultramylonites which have 

more than 90% of matrix (Passchier & Trouw , 1998). As the depth increases the matrix 

increases too because of the crush minced minerals, but it depends on the lithotype too. 

There are also two classifications of mylonites names which are not related on the 

percentage of the matrix, blastomylonite which has a significant static recrystallization 

and phyllonite which is a fin-grained mica-rich, when the protolith is a felsic rock, mylonite 

that resembling a phyllite (Passchier & Trouw , 1998).  

Mylonites are very good rocks for shear sense indicators. Fig. 2 shows the most common 

types of shear sense indicators in thin section parallel to the aggregate lineation and their 

view from a hand specimen rock. This sections for shear-sense determination must be 

cut parallel to lineation and perpendicular to foliation.  
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Figure 2. Most common shear sense indicators in a mylonite. Schematically diagrams of the geometry of 
a mylonite with dextral compound in microscope view. (Taken from Passchier and Trouw (1998) pg. 122) 

  

Stereonet and Fry Method 

For measuring finite strain in the sample rocks of my project and making field correlations, 

I used stereonet for spherical projections and the Fry Method to determine the strain 

ellipse. A stereonet represents a lower hemisphere graph in the spherical projections in 

which a variety of geological data, especially structural data can be plotted. Projections 

include planes, lines and points. They work the same of the Earth: They have an equator 

line, a North Pole, a South Pole, a great circle (longitude) and a small circle (latitude). The 

data that can be plotted in stereonets include fault planes, foliations, bedding, flow 

directions, fold axes, etc. (Leyshon & Lyle, 2004; Houghton). 

The Fry method is a technique devised by Norman Fry in 1979 which provides a graphical 

method for the best fit solution to the strain ellipse. The Fry method use the center to 

center method of strain determination technique that enables the calculation of the bulk 

rock which is the average strain in a heterogeneously deformed material (Ramsay & 
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Huber, 1987). This method uses the homogenous and isotropic redistribution of deformed 

points and the distances between these points as extended lines. There are several types 

of spatial distribution of points in a rock (Fig. 3), but the distribution of the point’s distances 

should be more or less constant, this is called statistically uniform distribution which is the 

homogeneous and isotropic one (Genier & Epard, 2007; Ramsay & Huber, 1987).  

 

Figure 3. Four types of spatial distribution a. random (Poisson) distribution. b. Cluster distribution c. 
Homogeneous and isotropic distribution and d. anisotropic distribution. Taken from Genier 2007 and 
modified from Ramsey 1989 pg. 110 

The idea of this method is to have an aggregate of homogeneous and isotropic particles 

producing a set of near neighbor centers (Fig. 4). Ramsey (1989) states that “Relative to 

centre point A all the surrounding points have a spatial distribution reflecting the average 

particle size and type packing.” Pg. 111. And the distances between the other points start 

to vary 2r, 2√3r, 4r and so on (Ramsay & Huber, 1987). When there is a deformed 

aggregate the distances between the centers become modified in proportion to the value 

of the long strain axes of the ellipse. This change in distances starts to be systematical 

and can be used to state the orientation and diameter of the strain ellipse (Ramsay & 

Huber, 1987).  
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Figure 4. Geometric features and distance relation of an undeformed (A) and deformed (B) aggregate. Take 
from Ramsey 1989 pg. 113 

The Fry construction consists of marking all the centers of all objects on the surface, then 

repeating the process for all centers (Fig. 5). This make a vacancy space in the center of 

the surface that contains an approximation of the direction and shape of the finite strain 

ellipse recorded in the rock. If after 50 separate moves there is no an elliptical or circle 

shape, the points had a random arrangement since the beginning and not a 

homogeneous one (Ramsay & Huber, 1987). Also, if there are two ellipses that overlaps 

each other, it means that probably the surface suffer two different strain events (Genier 

& Epard, 2007).  

 

Figure 5. Construction of the strain ellipse using the Fry method. Taken from Ramsey 1989 pg. 113 

The amount of lengthening and shortening in these two directions register the finite 

strain of the object in the plane of observation. Stretch and extension can be know if we 

know the final length and the original length, but only if the object has not changed its 

area (Davies & Reynolds, 1996). Taking this into account, the area of an ellipse is the 

same of a circle that has been deformed, so we can know the radius of the circle 
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(Equation 1).  Where a = major semi-axis of ellipse, b is the minor semi-axis of the 

ellipse and r is the radius of the circle. Using Equation 2.a, 2.b we can know the 

lengthening (Sa and Sb) of each semi-axis and with equation 3 the extension (e), where 

lf is the final length and lo is the initial length (Davies & Reynolds, 1996). 

𝑟 =  √𝑎𝑏 [1] 

𝑆𝑎 = 𝑙𝑓
𝑙𝑜 = 2𝑎

2𝑟 [2.a] 

𝑆𝑏 = 𝑙𝑓
𝑙𝑜 = 2𝑏

2𝑟 [2.b] 

𝑒 = 𝑙𝑓−𝑙𝑜
𝑙𝑜 = 2𝑎−2𝑟

2𝑟  [3] 

Geologic setting  

Panama is located in Central America which has five tectonic plates associated; Cocos, 

Nazca, Caribbean, North and South America (Alvarado & Bundschuh, 2007). Schuchert 

(1935) places Panama in the southern province of Central America and called it the 

“Isthmian Link”. This province does not have rocks of pre-Mesozoic age in contrast with 

the northern Province of Central America (Alvarado & Bundschuh, 2007).  

Azuero is a Peninsula located in the Pacific coast of Panama (Fig. 6) that is composed of 

mafic and ultramafic rocks (Alvarado & Bundschuh, 2007) based on the only geologic 

mapping project by Giudice and Recchi (1969) that was focused mostly on mineral 

resources. This basement corresponds to two Paleogene oceanic islands and the 

Caribbean Large Igneous Province (CLIP) (Buchs, 2011). The Azuero-Sona fault zone 

(Fig. 7) is located in the south-west part of the Azuero Peninsula and is a strike-slip left-

lateral fault (Mann & Kolarsky, 1995; Mann & Corrigan, 1990). 
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Figure 6. Location of the Azuero Peninsula (modified from Alvarado 2007) 

 
Figure 7. Geologic map of the Azuero-Sona Fault Zone (taken from Buchs 2011) 
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The first report of deformed rocks near the Azuero-Sona fault zone was by Tournon et al. 

(1989) in their project about a pre-upper Cretaceous metamorphic basement in the 

Azuero and Sona Peninsulas. In this work they only reported one sample of Azuero that 

is located in Rio Torio that corresponds to an amphibolite of low-to medium-temperature 

and low-pressure metamorphism. This rock has an ultramafic composition that was 

strongly deformed. Tournon staid that this sample “contains relicts of magmatic 

clynopyroxene as abundant, large idiomorphic serpentinite which correspond to 

pseudomorphosed olivines” (pg. 541). Also, this rock evolution was only inside the 

greenschist facies and the well-developed schistosity do not correspond to a contact 

metamorphism. In their petrographic study they reported two kinds of rocks in Rio Torio, 

metatuffs composed of glassy grains cemented by a pyroclastic matrix and metabasalts 

with relicts of magmatic minerals and textures. Unfortunately, the methods used in the 

sample of the Azuero peninsula do not allow a complete study of metamorphic evolution 

and they do not attributed a path of metamorphism to this rock (Tuornon, 1989).  

The left-lateral strike-slip motion of the Azuero-Sona was defined by Corrigan and Mann 

(1990) with their model for Neogene deformation in Panama. In this project they used 

satellite images and the geologic map of Giudice and Recchi (1969) to propose a 

structural characterization of Panama. For the Azuero Peninsula they suggest a 40 km 

deformed wide zone associated with the Azuero-Sona fault zone. Also, they determine 

that the fault separates a basaltic homogeneous basement and a heterogeneous volcanic 

arc and basalt basement with intrusions. The trace of the fault was determined by the 

satellite image (Fig. 8) where it connected with a fault in the Sona Peninsula and other 

several west-striking set of faults (Mann & Corrigan, 1990). The left lateral movement is 

best defined in the Sona peninsula by a right-stepping curvature of the fault in the center 

of the peninsula. Basically, the Azuero-Sona Fault is a very important topographic scarp 

that was defined using Landsat images (Mann & Corrigan, 1990).  
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Figure 8 . Structural geologic sketch of the Azuero-Sona Fault, the map is modified from Giudice and 
Recchi, 1969 and the photo is a Landsat Image (1 January 1979). (taken from Mann and Corrigan 1990) 

A more recent project by Rockwell et al. (2010) suggests a significant left-lateral motion 

of the Azuero-Sona fault zone. In this project they used sparse GPS velocity data and a 

velocity block model for recent plate motion in the boundary between Panama and 

Colombia. The largest strike-slip rates belong to the Azuero-Sona fault, the GPS data 

showed a motion of 5±2 to 7±2 mm/yr (pg. 8) and the left-lateral movement is predicted 

by the general geological block motion model of fault configuration. In this model the 

South Panama Deformation Belt (SPDB) has a left lateral motion, this intersect with the 

Azuero-Sona fault, and in consequence they attribute the same left lateral motion. Also, 

they inferred a left lateral displacement of a canyon along the Azuero-Sona fault zone 

using satellite imagery (Rockwell, 2010).  

Methodology 

The methodology is divided in four main steps. The first one consisted of a three weeks 

of field work in the south-west part of the Azuero Peninsula. The second one consisted 
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on sample preparation and elaboration of four thin sections. The third one consisted on 

laboratory work in which I made petrography, microstructure and SEM analysis. And the 

last one involved measurement of the finite strain ellipse by the Fry Method using the 

software GeoFryPlots (Holcombe, 2004).  

Field work 

During the course of Field Camp GEOC3103 in June of 2014 we went to the 

Azuero Peninsula in Panama (Fig. 7). The central place of housing was Torio, 

south of the Azuero-Sona fault zone. Here, during 20 days of camp we made 

approximately 150 square kilometers of geological mapping at a scale of 1:25.000. 

For the elaboration of this map we explored all the outcrops on the western side of 

the Peninsula. We followed main rivers like Rio Torio, Rio Malena, Rio 

Higueronoso and Rio Los Duarte. Also, most of the creeks like: Quebrada Plata, 

Quebrada Los Mangos, Quebrada Malena, Quebrada Malenita, Quebrada de Oro 

and Quebrada Salitre. Additionally, we mapped all the different beaches like Punta 

Duarte, Torio, Punta Malena and Palo Seco. For the Azuero-Sona fault zone the 

principal places of the detailed mapping were: Rio Torio, Punta Malena, Quebrada 

Salitre, Cerro Malena, Quebrada de Oro, Sapotal, Quebrada Malena and Rio 

Malena.  

We established different units in the Azuero Peninsula and found that almost all 

the sedimentary and igneous units are involved in the Azuero-Sona fault zone. For 

this work, we took structural data in all the outcrops and took samples for the 

different units involved in the Azuero-Sona fault zone. For the 3 samples that are 

analyses and described in this project, I selected a plane and orientated the 

samples in-situ in the outcrop to know the real orientation of the minerals in the 

fault zone and mark this data in the rock. The selected rocks for this project were 

38598, 38603 and 38553. The sample 38553 were located between a mylonite 

zone and Ocú Formation (hemipelagic limestone) at 7.55440 latitude and -

80.93120 longitude. The samples 38603 and 38598 were mapped in a zone of 

phyllonites that have a prominent foliation and show an augen form and a green 

color in the field. The sample 38603 has a latitude of 7.55480 and a longitude of -

80.91040, sample 38598 has a latitude of 7.55480 and a longitude of -80.90920. 
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Sample preparation 

The first step for the preparation of the samples was to cut them in the rock-

preparation lab of Universidad de Los Andes. Here, cubes of rock were made with 

dimensions of 5cmx2cmx2cm approximately. Then, with the original orientation I 

re-orientated the cube and got the plane of the thin section orientated. Next, I 

polished the plane in which the glass of the thin section will be and make sure that 

the rock did not have any streaks, creases or ramps. A resin (EpoThin Epoxy 

Hardener 20-8142-032 by Buehler laboratory) was used to paste the glass into the 

rock and let it dry for minimum 24 hours. Then, the sample was cut to 1cm width 

approximately and begin to polished it until the 30 µm. For the final polish step we 

used a silicon carbide powder grit of 600 and 1000, also by Buehler laboratory. 

Two thin sections were made of sample 38553, cut perpendicular to each other. 

One section of the 38553 sample was made in Italy in the laboratory of the 

University of Padua and this was a thin polished section. The samples 38958 and 

38603 were difficult to make because their composition have talc and this mineral 

has a hardness on the Mohs’ scale of 1.  

Laboratory  

Petrographic microscope 

I used the transmitted light microscope for the description of petrography and 

microstructure of the rocks. I first identified the minerals that composes the rock 

and then described and characterized the micro structures in the rock.  

Because the Azuero Peninsula is made of basalts, peridotites and ultramafic 

rocks (Alvarado & Bundschuh, 2007; Buchs, 2011; Giudice & Recchi, 1969) I 

have to take in account that the altered minerals present in the rocks have an 

ultramafic to mafic affinity. After having the association of minerals I propose 

the type of rock before deformation and after deformation. The most important 

structures were photographed in scales of 4x and 10x. 

For the description and characterization of the structures presented in the rock, 

uI drew all the structures present in in the thin section to highlight the micro 
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structure presented in the rock because the photos of the microscope do not 

have a very high resolution.   

Scanning electron microscope (SEM) and Electron probe micro analyzer (EPMA) 

These analysis were made in the laboratory of the University of Padua, Italy by 

Dr. Fabio Ferri. The FESEM CamScan MX3000 with Sorgente LaB6 field 

emission (FESEM) and the CAMECA SX 50 with 10 nA and 15 kV was used 

for chemical analysis. The FESEM was used to take B5E images and the 

EPMA for the chemistry analysis. For the EPMA analysis 10 crucial areas were 

marked and limited on sample. The chemical data were selected, normalized 

and plotted for the different minerals types.  

 

Fry Method 

After doing all the microscope analysis I used the Fry Method to determine the finite strain 

ellipse in the 38603 and 38598 phyllonite samples. The GeoFryPlots program consists of 

two windows, one in the left that loads an Image JPEG and the other at the right on which 

the Fry plot can be generated (Fig. 9). When the image is loaded, the centers of the 

objects in that surface can be clicked by hand and in the right window a plot is appearing 

with the points marked as Ramsay and Huber (1987) explain in the pg.113. As the centers 

are clicked, the central part of the plot are a vacant ellipse free of any plotted point. With 

this ellipse the long and short axes define the average finite strain ratio in the image 

(Roday, 2010). This area of free points plot is generated because each time the vectors 

related to one object center are omitted (Roday, 2010). After this, using Illustrator I fixed 

the best ellipse in the vacant field and measure the long and short axis.  
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Figure 9. Windows of the GeoFryPlots software to get the strain ellipse of the vesicles. Here I used a total of 41 center points 

 

Results 
 

Fault domains  

Figure 10 shows the geologic map of the western Azuero Peninsula produced by the 

Uniandes field camp of 2014-1, which consists of 16 undergraduate students of 

Geosciences. This map shows the Azuero-Sona fault zone, and a close up of the 

northwest-trending lenticular body of phyllonites (Fig. 10.b). North of the fault there is a 

sequence of basalts, limestones from the Ocú Formation, Cenozoic sedimentary units 

and dykes. The limestones and sedimentary units dip to the northwest. The dykes are 

cutting the limestones and the basalts. The Azuero-Sona fault is a zone approximately 2 

kilometers wide, with different types of rocks parallel to the northwest-striking fault zone. 

Figure 11 shows a schematic cross-section from A to A’ (northeast – southwest) of the 

fault zone.  Three structural domains were separated here (Fig. 10.c): (1) it contains a 

large diversity of rock types like fault breccias, cataclasites, basalts, sedimentary 

breccias, limestones and a gabbro that show a chaotic distribution in the outcrops and in 

the stereonets (Fig. 12.a). They represent the brittle zone of the fault, (2) it consists of the 
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limestones of the Ocú Formation and the phyllonites, this zone represent the ductile shear 

zone of the fault. (3) it belongs to the South of the fault consisting in less deformed basalts, 

gabbros, peridotites and serpentinites (Fig. 10.c).  

The fault planes of the three geographic domains show different dip directions. For 

structural domain 1 (Fig. 10.c) there is a chaotic distribution of fault data that represents 

the incohesive and cohesive brittle fault zone (Fig. 12.a). In the structural domain 2 there 

is a family of fault planes with the same strike of the Azuero-Sona fault (northwest-

southeast), and a family perpendicular to this (Fig. 12.b). In the structural domain 3, south 

of the Azuero-Sona fault, there is the same family of fault planes parallel to the Azuero-

Sona fault and other less perpendicular than the structural domain 2, but suggesting 

another family of fault planes (Fig. 12.c). The dykes are orthogonal to each other and 

three of them are perpendicular to the Azuero-Sona fault strike domain (Fig. 12.c).   

Within the zone 2 (the ductile zone) there is a sequence of intensely folded limestone 

beds of the Ocú Formation (Fig. 13), with an elongated map pattern parallel to the fault 

(Fig. 10). Poles to bedding in this folded sequence suggest a reclined folded sequence, 

with northwest vergence, and an axial plane shallowly dipping to the southwest (202/22). 

The foliations within this zone are parallel to the overall strike of the Azuero-Sona fault 

zone (Fig. 12.d), and between 35º and 73º to the southwest.   
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Figure 10. A: Geologic map of the western Azuero Peninsula by the Uniandes Field Camp of 2014-1 consisting by 16 students of 
Universidad de Los Andes. B: close up of the fault zone which I did during the field. C: Differentiation of the structural domains. 

For a better resolution of the geological map see Appendix 1. 

A 

A’ 
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Figure 11. Schematic cross-section of the fault zone (A: northeast - A': southwest) 

 
Figure 12. Stereonets projections divided by: a. Fault planes from the brittle zone b.  Fault planes from the ductile zone, blue 
planes are from Ocú Formation and black planes are from the phyllonites c. Fault planes from the south of the Azuero-Sona fault 
d. Dykes. For structural data see Appendix 2 
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Figure 13. Stereonets of bedding of the Salitre creek divided by: a. Poles b. Density of poles and c. Planes. For structural data see 
Appendix 2 

 

Fault rocks 
Here I present the descriptions of petrography and structures found in the four thin 

sections. For the sample 38553 I used the 5 items described in Passchier and Trouw 

(1989) of how to differentiate a pseudotachylite from other fault rocks and the other 

characteristics described in other mafic pseudotachylites (Deseta et al., 2013; Obata, 

1995). I find items 1, 2 and 4 that corresponds to sharp boundary (Appendix 3.1-3.2), 

injection veins and spherulites (Appendix 3.3-3.4) (Fig. 14). The absence of 

contemporaneous calcite and quartz veins were clear in the field and in the hand sample. 

Spherulites are present in the matrix, most of them related with acicular plagioclase (Fig. 

14.a and 14.b). Network structures (Appendix 3.5-3.6) hopper crystals and dendritic 

structures (Fig. 15) are also present in the rock. In the field outcrop the injection veins 

were also present (Fig. 14e, 14f and 15a).  
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Figure 14. Pseudotachylite. a and b. spherulites c and d. sharp boundary e and f. injection veins 

 

 
Figure 15. SEM images of the pseudotachylite. a. injection veins b. Typical structure between glass (liquid) and host rock c. 

hopper crystals d. dendritic structure. Photo credits: Fabio Ferri 
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Samples 38603 and 38598 have similar petrography that consist of talc, clinozoisite and 

sericite (Appendix 3.7 – 3.22). Zeolite (Fig. 16.a and 17.b), serpentinite (Appendix 3.14), 

crush amphiboles and/or pyroxenes altering to talc, and a brown unknown mineral 

present in undeformed micro-lithons (Appendix 3.16 and Fig. 16.e and 16.f) are also 

presented in the rocks. Most of the matrix consisted in talc and clinozoisite, it had 

deformed and aligned vesicles of probable volcanic origin (Fig. 16.b and 16.c). The micro 

structures present are porphyroclast, strain shadows, broken minerals, alignment of 

minerals and a prominent foliation of the matrix (Appendix 3.7 – 3.22) with an orientation 

of N42W. Appendix 3.9, 3.11, 3.13, 3.17, 3.19 and 3.21 show a dextral shear sense on 

the different minerals in the rocks. Also, inside the lithons are still remnants of the forms 

of the original minerals (Fig. 17).  

 
Figure 16. a. zeolite in plane light b. zeolite in cross-polarized light c. vesicles in the matrix of the phyllites in plane light d. 

vesicles in cross-polarized light e. brown unknown mineral undeformed in micro-lithons in plane light f. brown unknown mineral 
undeformed in micro-lithons in cross-polarized light. White scalar bar represents 0.6mm 
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Figure 17. Remnants of the original mineral with the preservation of the form, a and b. looks like the form of an amphibole. d 
and e. shows the form of a pyroxene with a twinning remnant c and f. looks like a form of a plagioclase, the mineral inside is 

sericite. White scalar bar represents 0.6mm.  

 

Mineral chemistry of pseudotachylite 

The analyses made in the University of Padua by Fabio Ferri PhD were filtered, 

normalized and plotted. 10 areas in the thin section that were analyzed (first number in 

each sample) (Fig. 18), and in each area was a sub-location of the analysis (second 

number in the table samples) (Appendix 4). For the normalization, first I got the molecular 

proportion of each constituent by divided each one in the weight of the element. Then, I 

got the proportion of cation and oxygen in each sample, and the last general step was to 

normalize each sample with the oxygen in the chemical formula of each mineral. Finally, 

for each mineral I used different standard tables to get the mineral name and plot the data 

in their corresponding diagram. There are four principal groups of minerals; pyroxenes 

(Appendix 5.1-5.2 and Fig. 19), chlorite (Appendix 5.3 and Fig. 20) and plagioclase 

(Appendix 5.4 and Fig. 21), amphiboles (Appendix 5.5 and Table 1). The only group that 

could not be plotted is the amphiboles as their composition is too variable. There are fine 

grained minerals which could not be analyzed.   
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Figure 18. Location of the EPMA analysis inside the thin section of the pseudotachylite. There were a total of 10 areas analyzed. 

The white scale bar represents 1cm. Photo credit: Fabio Ferri 

 
Figure 19. Ternary diagram of data from Table 1 of Appendix 5.1-5.2 of the pyroxene group.  En: Enstatite, Fs: Ferrosilite and 

Wo: Wollastonite. Locations 2, 4, 7 and 9 have augite. 
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Figure 20. Chlorite diagram of data from Table 2 of Appendix 5.3 of the chlorite group. Mg: Magnesium cations based on 

oxygen, Fe: Iron cations based on oxygen and Si: Silicon cations based on oxygen. The most abundant minerals are ripidolite and 
pycnochlorite in the location 1, 3, 6 and 7. 

 
Figure 21. Ternary diagram of data from table 3 of Appendix 5.4. An: Anortite, Ab: albite and Or: Orthoclase. Locations 1 and 2 

have Labradorite, 6, 7 and 9 have albite and location 3 has Sandine 
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PD-7-16 eckermannite 
PD-9-4 winchite 
PD-9-5 magnesio-hornblende 
PD-9-6 barroisite 
PD-10-6 winchite 
PD-6-8 magnesio-hornblende 
PD-5-2 barroisite 
PD-4-12 richterite 
PD-4-14 barroisite 
PD-9-14 edenite 
PD-6-5 barroisite 
PD-5-8 magnesio-hornblende 

Table 1. Amphibole names of data from table 4 in Appendix 5.5. Location 4, 5, 6, 7 and 9 have amphiboles. 

 

Strain determination in phyllites  
The Fry method was successful to determine the strain ellipse in the matrix in sample 

38598 (Fig. 22). The measure of this showed the elongation and extension of the major 

and minor semi-axis. The major semi-axis measured 3.933 cm and the minor semi axis 

measured 0.9376 cm. Using equation 1, 2.a, 2.b and 3 the elongation of the major semi-

axis was 2.04 and the minor semi-axis was 0.48. The extension of the major semi-axis 

was 1.048 (104.8%) and the contraction of the minor semi-axis was -0.511 (-51.1%). The 

orientation of the maximum elongation axis has an azimuth of 196 degrees and a plunge 

of 44 degrees. 

𝑟 =  √𝑎𝑏 [1] 

𝑆𝑎 = 𝑙𝑓
𝑙𝑜 = 2𝑎

2𝑟 [2.a] 

𝑆𝑏 = 𝑙𝑓
𝑙𝑜 = 2𝑏

2𝑟 [2.b] 

𝑒 = 𝑙𝑓−𝑙𝑜
𝑙𝑜 = 2𝑎−2𝑟

2𝑟  [3] 
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Figure 22. Strain ellipse of the vesicles in the matrix of the phyllite 30598, the major semi-axis has an orientation of 194/44. 

Black scale bar represents 0.6mm. 

 

Discussion 
Geometry of the fault 
The fault zone was divided in three geographic domains which are the brittle zone (1), the 

ductile zone (2) and the southern part of the fault (3). The Azuero-Sona fault has a strike 

of N64W that can be seen in the stereonets (Fig. 12) and it is similar to the map trace of 

the fault by Mann and Corrigan (1990) N60W. In the fault planes of the zones 2 and 3 

there is a family of faults in the prominent direction of the Azuero-Sona fault (Fig. 12.b 

and 12.c). In the zone 3 there is a family of faults perpendicular to the Azuero-Sona fault 

(Fig. 12.c). Also, in zone 1 there is a family of fault planes parallel to the Azuero-Sona 

fault, but the other fault planes are in all directions and chaotic, it represents the 

incohesive to cohesive brittle zone of the fault which may represents the shallow part of 

the shear zone (Fig. 12.a). The foliations of the zone 2 are prominent and show a similar 

strike as the Azuero-Sona fault and a mean dip of 56 to the southwest. A prominent family 

of fault planes perpendicular to the Azuero-Sona fault in the ductile zone suggests a 

dextral sense, most of these fault planes correspond to the phyllonites (Fig. 12.b). 

Phyllonites of the zone 2 have an augen form because of their foliation which is parallel 

to the Azuero-Sona fault strike (Fig. 23). The folds in the Ocú formation, inside the zone 



 
31 

Lina Camila Pérez Angel 

2 present one pole domain of bedding that can be read as a reclined fold with an axial 

plane of 202/22. Finally, the dykes have orientation of 354/83 and 170/63, being 

orthogonal to each other.   

 

Figure 23. Top: phyllonite in the field showing prominent foliation and augen structure. Bottom: line-drawing of the photograph 
above. Photo by: Idael Francisco Blanco-Quintero 

Petrography of protoliths 
The sample 38553 is a pseudotachylite with a mafic protolith. The main components are 

augite, ripidolite, pycnochlorite, magnesio-hornblende, wincherite and albite (Fig. 19-21, 

Table 1, Appendix 5). The ambhiboles and pyroxene are typical of mafic rocks, so the 

original rock could have been a basalt instead of an ultramafic rock. The albite is 

commonly found in the hopper crystals which are the new crystals. In the other hand, the 

altered plagioclase could be labradorite. 

The samples 38598 and 38603 are phyllonites with a mafic composition too.  The protolith 

seems to be a mafic lava flow with blocks with vesicles in the matrix (Fig. 16c and 16d, 

Appendix 3.7-3.8). Originally, the vesicles are circular bubbles that can have a 
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symmetrical shape. The volcanic vesicles in the matrix were deformed and the strain 

ellipse show an enlogation value of 104.8% for the major semi-axis which represents a 

considerable high strain in an azimuth of 196 degrees and a plunge of 44 degrees (Fig. 

22). However, this results can be affected by flow in the basalts while they were still warm 

enough. One sample in the southern part of Azuero (Fig. 24) shows just that type of flow.   

 

Figure 24. Undeformed basalt with vesicles and plagioclases from the southern Azuero Peninsula. Vesicles show a flow direction. 
Black scale bar represents 1cm. 

Ductile structures 
Both phyllonites record a dextral shear sense, which once translated to the original 

foliation plane where the sample were taken, indicates normal displacement. All shear 

sense indicators suggest dextral shear sense; those include rotated porphyroclasts 

(Appendix 3.13 and 3.21), broken minerals (Appendix 3.11 and 3.17) and strain shadows 

(Appendix 3.9 and 3.19). The matrix foliation also has a distinct alignment that 

corresponds to the same direction as the dextral shear sense indicators (Appendix 3.7 

and 3.21). Some shear sense indicators have recrystallized talc in the strain shadows or 

tails.  

Brittle structures  
Sample 38553 presents all the features described by Passchier and Trouw (1989) to 

differentiate a pseudotachylite from other rocks. Also, it presents other characteristics like 
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network structures, hopper and dendritic crystals present in ultramafic and mafic 

pseudotachylites (Obata, 1995). The sample shows vesicles filled with calcite which 

means that the rock was charged with volatiles to allow bubbles to form and with a later 

event the vesicles were filled with calcium carbonate. This means that the Azuero-Sona 

fault had significant shear heating due earthquakes (Obata, 1995). Pseudotachylite 

corresponds to the deep brittle cohesive zone of the fault rocks.  

The cohesive and incohesive brittle zones are also present in the shear zone (Fig. 12.a 

and 12.b). Structural domain 1 contains fault rocks like fault breccias and cataclasites. 

The fault breccias are more cohesive than the cataclasites, but the fault planes show a 

chaotic orientations (Fig. 12.a).  

Chronology and style of deformation 
The three samples analyzed in this project have a mafic protolith. The presence of a 

pseudotachylite and phyllonites suggest that the Azuero-Sona fault is a deep shear zone 

with ductile deformation. The mafic pseudotachylite means that the Azuero-Sona fault is 

a shear zone that accumulated elastic strain that was liberated during earthquakes. 

Because of cross-cutting relationships the pseudotachylite, which cuts the mylonitic 

foliation, is younger that the phyllonite.  

The petrographic association shows a zeolite metamorphic facies. Instead of having a 

greenschists facies like Tournon 1989 suggested, these rocks have a lower metamorphic 

facies but with a high ductile strain. Shear sense indicators within the phyllonites show 

that this zone has a normal displacement with a strike of N42W and a dipping between 

35 and 73 to the southwest. These rocks under microscope only show one event of 

deformation. However, the presence of a pseudotachylite inside a mylonitic zone suggest 

at least two events of deformation. The first event was the shear that produced the 

mylonites and phyllonites and the second event was the pseudotachylite.  

Conclusions 
x The Azuero-Sona fault is a shear zone that has incohesive brittle, cohesive brittle 

and narrow ductile rocks. 

x The structural domain 2 also contains a folded sequence of hemipelagic 

carbonates (Ocú Formation) that correspond to a reclined mesoscopic folding axes 
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dipping to 202/22, and located within the shear zone, more specific in the ductile 

domain.  

x The protolith of the pseudotachylite was a basalt and the phyllite was a mafic lava 

flow with blocks. 

x The presence of a pseudotachylite indicates a high accumulation of elastic strain 

in the fault that was liberated by earthquakes. 

x The ductile rocks showed a dextral sense of shear for the fault with a normal 

displacement along a foliation dipping at 60 degrees to the southwest in average 

and aligned with the overall strike of the Azuero-Sona fault of N64W. Also, the 

stereonets of the fault planes and foliation of this zone suggest a dextral sense.  

x The rocks register only one event of deformation in the thin section. But field 

correlations suggest there are at least two events of deformations. First was the 

shear of the zone that produced the mylonites and phyllonites and then the 

pseudotachylite was generated by an earthquake. 

x The metamorphism of the ductile rocks belongs to the zeolite facies. 

x The strain in the vesicles is really high (elongation value of 104.8%) which means 

that the major semi-axis elongates to double its original size. 
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Structural Data of the stereonets  
Dip 

direction Dip Structure Geographic domain Dip 
direction Dip Structure Geographic domain 

236 51 Fault plane Brittle zone (1) 326 73 Foliation Ductile zone - Phyllonites (2) 
180 44 Fault plane Brittle zone (1) 255 61 Foliation Ductile zone - Phyllonites (2) 
80 53 Fault plane Brittle zone (1) 211 44 Foliation Ductile zone - Phyllonites (2) 

154 65 Fault plane Brittle zone (1) 224 69 Foliation Ductile zone - Phyllonites (2) 
131 32 Fault plane Brittle zone (1) 35 49 Foliation Ductile zone - Phyllonites (2) 
250 69 Fault plane Brittle zone (1) 225 35 Foliation Ductile zone - Phyllonites (2) 
72 41 Fault plane Brittle zone (1) 232 59 Foliation Ductile zone - Phyllonites (2) 
60 38 Fault plane Brittle zone (1) 350 34 Bedding Ductile zone - Salitre creek (2) 

308 55 Fault plane Brittle zone (1) 260 35 Bedding Ductile zone - Salitre creek (2) 
346 58 Fault plane Brittle zone (1) 280 24 Bedding Ductile zone - Salitre creek (2) 
314 56 Fault plane Brittle zone (1) 280 27 Bedding Ductile zone - Salitre creek (2) 
311 54 Fault plane Brittle zone (1) 160 40 Bedding Ductile zone - Salitre creek (2) 
219 90 Fault plane Brittle zone (1) 154 40 Bedding Ductile zone - Salitre creek (2) 
36 55 Fault plane Brittle zone (1) 240 30 Bedding Ductile zone - Salitre creek (2) 

349 81 Fault plane Brittle zone (1) 205 20 Bedding Ductile zone - Salitre creek (2) 
272 57 Fault plane Brittle zone (1) 270 15 Bedding Ductile zone - Salitre creek (2) 
85 76 Fault plane Brittle zone (1) 230 14 Bedding Ductile zone - Salitre creek (2) 

284 23 Fault plane Brittle zone (1) 200 30 Bedding Ductile zone - Salitre creek (2) 
267 50 Fault plane Brittle zone (1) 250 20 Bedding Ductile zone - Salitre creek (2) 
247 78 Fault plane Brittle zone (1) 150 6 Bedding Ductile zone - Salitre creek (2) 
175 90 Fault plane Brittle zone (1) 247 30 Bedding Ductile zone - Salitre creek (2) 
228 53 Fault plane Brittle zone (1) 150 12 Bedding Ductile zone - Salitre creek (2) 
220 39 Fault plane Brittle zone (1) 165 25 Bedding Ductile zone - Salitre creek (2) 
266 54 Fault plane Brittle zone (1) 185 26 Bedding Ductile zone - Salitre creek (2) 
84 42 Fault plane Brittle zone (1) 160 60 Bedding Ductile zone - Salitre creek (2) 
90 62 Fault plane Brittle zone (1) 179 25 Bedding Ductile zone - Salitre creek (2) 

260 66 Fault plane Brittle zone (1) 150 32 Bedding Ductile zone - Salitre creek (2) 
5 41 Fault plane Brittle zone (1) 150 36 Bedding Ductile zone - Salitre creek (2) 

357 70 Fault plane Brittle zone (1) 110 50 Bedding Ductile zone - Salitre creek (2) 
356 56 Fault plane Ductile zone (2) 75 25 Bedding Ductile zone - Salitre creek (2) 
55 31 Fault plane Ductile zone (2) 240 3 Bedding Ductile zone - Salitre creek (2) 

205 81 Fault plane Ductile zone (2) 210 55 Bedding Ductile zone - Salitre creek (2) 
243 61 Fault plane Ductile zone (2) 110 20 Bedding Ductile zone - Salitre creek (2) 
205 81 Fault plane Ductile zone (2) 200 20 Bedding Ductile zone - Salitre creek (2) 
241 56 Fault plane Ductile zone (2) 199 50 Bedding Ductile zone - Salitre creek (2) 
127 61 Fault plane Ductile zone (2) 193 55 Bedding Ductile zone - Salitre creek (2) 
346 73 Fault plane Ductile zone (2) 230 34 Bedding Ductile zone - Salitre creek (2) 
325 71 Fault plane Ductile zone (2) 215 39 Bedding Ductile zone - Salitre creek (2) 
342 62 Fault plane Ductile zone (2) 195 58 Bedding Ductile zone - Salitre creek (2) 
341 73 Fault plane Ductile zone (2) 220 45 Bedding Ductile zone - Salitre creek (2) 
336 90 Fault plane Ductile zone (2) 315 51 Bedding Ductile zone - Salitre creek (2) 
333 80 Fault plane Ductile zone (2) 231 82 Bedding Ductile zone - Salitre creek (2) 
225 31 Fault plane Ductile zone (2) 224 58 Bedding Ductile zone - Salitre creek (2) 
284 24 Fault plane Ductile zone (2) 195 45 Bedding Ductile zone - Salitre creek (2) 
216 38 Fault plane Ductile zone (2) 55 45 Bedding Ductile zone - Salitre creek (2) 
297 37 Fault plane Ductile zone (2) 130 49 Bedding Ductile zone - Salitre creek (2) 
290 37 Fault plane Ductile zone (2) 80 40 Bedding Ductile zone - Salitre creek (2) 
331 27 Fault plane Ductile zone (2) 175 60 Bedding Ductile zone - Salitre creek (2) 
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Structural Data of the stereonets  
Dip 

direction Dip Structure Geographic domain Dip 
direction Dip Structure Geographic domain 

213 43 Bedding Ductile zone - Salitre creek (2) 5 37 Fault plane South (3) 
323 18 Bedding Ductile zone - Salitre creek (2) 192 54 Fault plane South (3) 
210 62 Bedding Ductile zone - Salitre creek (2) 99 59 Fault plane South (3) 
195 34 Bedding Ductile zone - Salitre creek (2) 43 31 Fault plane South (3) 
327 6 Bedding Ductile zone - Salitre creek (2) 224 62 Fault plane South (3) 
349 11 Bedding Ductile zone - Salitre creek (2) 86 64 Fault plane South (3) 
338 24 Bedding Ductile zone - Salitre creek (2) 73 54 Fault plane South (3) 
215 63 Fault plane South (3) 213 54 Fault plane South (3) 
346 71 Fault plane South (3) 170 63 Dykes Western Azuero 
204 30 Fault plane South (3) 197 61 Dykes Western Azuero 
312 29 Fault plane South (3) 274 44 Dykes Western Azuero 
55 67 Fault plane South (3) 354 83 Dykes Western Azuero 
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Sample: 38553-2 Locality: 992005   Latitude: 7.55440 Longitude: -80.93120

Sharp boundary of the glass with the matrix. 

0.6mm

Appendix 3.1



G 

G 

Mtrx

Mtrx

G = Glass
Mtrx = Matrix with pyroxene, amphibole and plagioclase

Appendix 3.2

0.6mm

0.6mm

Sample: 38553-2 Locality: 992005   Latitude: 7.55440 Longitude: -80.93120



Sample: 38553-1 Locality: 992005   Latitude: 7.55440 Longitude: -80.93120

Injection veins of the pseudotachilyte in the matrix. The matrix present 
spherulites, most of them associated with acicular plagioclases.

0.15mm
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0.15mm

0.15mm

Cal

Cal
Pl

Pl

G

G

Cal = Calcite
Pl = Plagioclase
G = Glass

Appendix 3.4

Sample: 38553-1 Locality: 992005   Latitude: 7.55440 Longitude: -80.93120



Network structures of the glass are one of the characteristics present in a 
pseudotachylite. 

0.15mm
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Sample: 38553-2 Locality: 992005   Latitude: 7.55440 Longitude: -80.93120



Sample: 38553-2 Locality: 992005   Latitude: 7.55440 Longitude: -80.93120

G

G

G

Chl

Chl

Chl

Chl

Chl

Chl

G

G

G

G: Glass; Black in cross-polarized light and colorless in plane light 
Chl: Chlorite; Yellow to green in cross-polirezed and dark yellow in plane 
light

0.15mm

0.15mm

Appendix 3.6

Chl



Sample: 38598 Locality: 991417 Latitude: 7.55480 Longitude: -80.90920

Mineral alignment and fabric of the rock, the vesicles are enlogated 
in the same direction of the fabric.

Appendix 3.7



Tlc

Tlc

Tlc

Tlc

Tlc

Tlc

Tlc

0.15mm

0.15mm

Appendix 3.8

Sample: 38598 Locality: 991417 Latitude: 7.55480 Longitude: -80.90920

Czo

Czo

Tlc
Czo

Czo

Tlc = Talc; In cross-polarized shows interference colors of third-order. 
Czo = Clinozoisite; dark granular mineral with first-order interference 
colors



Strain shadows as an indicator of dextral sense of shear. The tails are 
recrystallized talc.

0.15mm

Sample: 38598 Locality: 991417 Latitude: 7.55480 Longitude: -80.90920
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0.15mm

0.15mm

Tlc

Tlc

Tlc

Tlc

Tlc

Tlc

Tlc = Talc; In cross-polarized shows interference colors of third-order. 
Czo = Clinozoisite; dark granular mineral with first-order interference colors

Sample: 38598 Locality: 991417 Latitude: 7.55480 Longitude: -80.90920

Appendix 3.10

Czo

Czo

Czo

Czo



Broken subhedral mineral with dextral shear sense, fabric, minerals align-
ment in the same direction, talc is more ductile than the other minerals of 
the matrix

0.15mm

Sample: 38598 Locality: 991417 Latitude: 7.55480 Longitude: -80.90920
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0.15mm

0.15mm

Tlc

Tlc

Tlc

Tlc

Tlc

Tlc

Ser

Ser

Ser

Ser

Sample: 38598 Locality: 991417 Latitude: 7.55480 Longitude: -80.90920

Appendix 3.12

Czo

Czo

Tlc = Talc; In cross-polarized shows interference colors of third-order. 
Czo = Clinozoisite; dark granular mineral with first-order interference colors. 
It is inside the broken mineral form
Ser = Sericite; granular texture with a higher interference color than clinozoi-
site.



Porphyroclast of serpentinite showing dextral shear sense

0.6mm

Sample: 38598 Locality: 991417 Latitude: 7.55480 Longitude: -80.90920
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Srp

Srp

Tlc

Tlc

0.6mm

0.6mm
Srp = Serpentinite; rotated porphyroclast of an altered serpentinite crys-
tal, it preserves the form of the original crystal 
Tlc = Talc; interference colors of third-order

Sample: 38598 Locality: 991417 Latitude: 7.55480 Longitude: -80.90920

Appendix 3.14



Sample: 30603 Locality: 991418 Latitude: 7.55480 Longitude: -80.91040

Undeformed micro-lithon inside the fabric. The micro-lithon shows 
remnants of the original minerals

Appendix 3.15



UM

UM

Ser

Ser

Ser

Ser

Ser

Ser

Tlc

Tlc

UM = Uknown mineral of the micro-lithon, inside the remnants forms of 
the original minerals
Ser = Sericite 
Tlc = Talc; third-order color mineral

Appendix 3.16

Sample: 30603 Locality: 991418 Latitude: 7.55480 Longitude: -80.91040

0.6mm

0.6mm



Mineral rotation. inside the mineral is a left-lateral movement but it was caused by 
a dextral movement of the fabric. Left bottom: squematic diagram of rotation 

0.15mm

Sample: 30603 Locality: 991418 Latitude: 7.55480 Longitude: -80.91040

Appendix 3.17



Sample: 30603 Locality: 991418 Latitude: 7.55480 Longitude: -80.91040

Appendix 3.18

Tlc

Tlc

Ser

Ser

Ser

Ser

Ser = Sericite 
Tlc = Talc; the harder mineral is altering to talc
Px/Amph = Pyroxene or Amphibole crush crystal that is broken by a 
dextral rotation 

Tlc

Tlc

Px/Amph

Px/Amph



Strain shadows showing a dextral movement in the mineral

0.15mm

Sample: 30603 Locality: 991418 Latitude: 7.55480 Longitude: -80.91040
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Sample: 30603 Locality: 991418 Latitude: 7.55480 Longitude: -80.91040

Appendix 3.20

Amph/Px
Tlc

Tlc

Tlc

Tlc

Amph/Px = Amphibole or Pyroxene crush and altering to talc
Tlc = Talc

0.15mm

0.15mm

Amph/Px



Relative harder minerals showing a dextral movement in the foliation. 
Strain shadows are present in the top-left mineral.

0.15mm

Sample: 30603 Locality: 991418 Latitude: 7.55480 Longitude: -80.91040
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Sample: 30603 Locality: 991418 Latitude: 7.55480 Longitude: -80.91040

Appendix 3.22

0.15mm

0.15mm

Tlc

Tlc

Tlc

Tlc

Czo

Czo

Px/Amph

Px/Amph

Ser

Ser

Ser = Sericite 
Tlc = Talc
Czo = Clinozoisite
Px/Amph = Pyroxene or Amphibole with dextral tails altering to talc
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Appendix 5.1 
 

Pyroxene Group 
Sample PD-2-2 PD-2-3 PD-2-6 PD-7-1 PD-7-3 PD-7-4 PD-9-3 PD-9-10 PD-9-11 PD-4-1 
Name Aug Aug Aug Aug Aug Aug Aug Aug Aug Aug 
SiO2 51.30 53.40 51.03 51.54 52.08 50.82 51.30 51.14 51.01 50.83 
TiO2 0.76 0.30 1.00 0.52 0.53 0.72 0.39 0.68 0.64 0.90 
Al2O3 4.63 2.06 4.53 3.51 3.01 4.64 3.11 4.23 4.19 4.35 
Cr2O3 0.32 0.31 0.19 0.65 0.50 0.19 0.91 0.40 0.42 0.51 
FeO 7.23 8.64 7.84 6.09 6.22 6.73 5.83 7.58 7.59 7.42 
Mno 0.21 0.25 0.21 0.17 0.17 0.16 0.19 0.25 0.20 0.21 
MgO 17.26 21.38 17.26 17.46 18.23 16.60 17.80 17.71 18.07 16.49 
CaO 18.21 14.09 17.74 19.88 19.05 19.43 20.27 17.21 17.10 19.70 
Na2O 0.19 0.13 0.40 0.25 0.15 0.23 0.17 0.21 0.18 0.22 
K2O 0.00 0.01 0.01 0.03 0.00 0.00 0.00 0.00 0.00 0.00 
Totale 100.10 100.56 100.22 100.10 99.92 99.52 99.97 99.40 99.41 100.63 

Cation numbers based on oxygen 
Si 1.88 1.93 1.87 1.89 1.91 1.87 1.89 1.89 1.88 1.86 
Ti 0.02 0.01 0.03 0.01 0.01 0.02 0.01 0.02 0.02 0.02 
Al 0.20 0.09 0.20 0.15 0.13 0.20 0.13 0.18 0.18 0.19 
Cr 0.01 0.01 0.01 0.02 0.01 0.01 0.03 0.01 0.01 0.02 
Fe2+ 0.22 0.26 0.24 0.19 0.19 0.21 0.18 0.23 0.23 0.23 
Mn 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 
Mg 0.94 1.15 0.94 0.95 0.99 0.91 0.98 0.97 0.99 0.90 
Ca 0.71 0.55 0.70 0.78 0.75 0.77 0.80 0.68 0.68 0.77 
Na 0.01 0.01 0.03 0.02 0.01 0.02 0.01 0.01 0.01 0.02 
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Totale 4.00 4.02 4.01 4.02 4.01 4.01 4.03 4.01 4.01 4.02 
Wo 37.78 27.72 36.53 40.27 38.45 40.32 40.63 35.74 35.26 40.35 
En 49.83 58.54 49.42 49.20 51.19 47.95 49.64 51.20 51.86 46.99 
Fs 11.69 13.27 12.60 9.62 9.81 10.91 9.12 12.29 12.22 11.86 
Acm 0.70 0.47 1.45 0.91 0.55 0.83 0.62 0.77 0.67 0.80 
N° Mg 81.00 81.52 79.68 83.64 83.92 81.47 84.48 80.64 80.93 79.85 
                      
Sample PD-4-2 PD-4-3 PD-4-4 PD-4-5 PD-4-6 PD-4-7 PD-4-8 PD-4-9 PD-5-5 PD-5-6 
Name Aug Aug Aug Aug Aug Aug Aug Aug Aug Aug 
SiO2 51.33 51.17 47.24 50.83 51.73 51.96 52.65 51.25 50.31 52.02 
TiO2 0.79 0.83 1.35 0.78 0.67 0.55 0.53 0.55 0.86 0.71 
Al2O3 4.02 4.15 11.07 4.52 3.61 3.31 3.78 4.26 5.32 3.21 
Cr2O3 0.41 0.45 0.08 0.53 0.54 0.49 0.48 0.65 0.34 0.40 
FeO 7.73 7.25 10.08 7.26 7.40 6.35 6.86 6.78 7.41 7.69 
Mno 0.23 0.20 0.20 0.19 0.16 0.20 0.13 0.18 0.22 0.20 
MgO 17.05 16.51 12.82 17.50 18.54 17.18 17.68 16.93 16.95 19.15 
CaO 18.68 19.80 16.24 18.22 17.55 20.02 18.06 18.93 18.17 16.14 
Na2O 0.22 0.20 1.26 0.17 0.14 0.20 0.33 0.21 0.25 0.19 
K2O 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.02 0.04 0.00 
Totale 100.46 100.57 100.37 100.00 100.33 100.27 100.50 99.75 99.85 99.69 

Cation numbers based on oxygen 
Si 1.88 1.88 1.74 1.87 1.89 1.90 1.91 1.88 1.85 1.90 
Ti 0.02 0.02 0.04 0.02 0.02 0.02 0.01 0.02 0.02 0.02 
Al 0.17 0.18 0.48 0.20 0.16 0.14 0.16 0.18 0.23 0.14 
Cr 0.01 0.01 0.00 0.02 0.02 0.01 0.01 0.02 0.01 0.01 
Fe2+ 0.24 0.22 0.31 0.22 0.23 0.19 0.21 0.21 0.23 0.24 
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Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 
Mg 0.93 0.90 0.71 0.96 1.01 0.94 0.96 0.93 0.93 1.05 
Ca 0.73 0.78 0.64 0.72 0.69 0.79 0.70 0.75 0.72 0.63 
Na 0.02 0.01 0.09 0.01 0.01 0.01 0.02 0.02 0.02 0.01 
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Totale 4.01 4.01 4.02 4.01 4.01 4.01 4.00 4.01 4.01 4.01 
Wo 38.25 40.58 36.72 37.54 35.55 40.66 37.16 39.31 37.87 32.85 
En 48.58 47.08 40.35 50.16 52.25 48.54 50.61 48.91 49.15 54.24 
Fs 12.35 11.59 17.79 11.67 11.70 10.07 11.01 10.98 12.06 12.21 
Acm 0.81 0.75 5.14 0.63 0.50 0.73 1.22 0.79 0.93 0.69 
N° Mg 79.73 80.25 69.39 81.12 81.71 82.82 82.13 81.66 80.30 81.62 

Table 1. Chemical analyses of the Pyroxene Group. The sample name show the location of the analysis. The first number 
correspond to the location in Figure 17 and the second number correspond to location in appendix 3. All the pyroxenes are Aug: 

augite. Plot data is in Figure 18. 
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Chlorite Group 

Sample  
PD-1-

9 
PD-1-

10 
PD-1-

11 
PD-7-

15 
PD-6-

15 
PD-3-

1 
PD-3-

2 
PD-3-

3 
PD-3-

4 
PD-3-

12 
PD-3-

18 
PD-3-

20 

Name 
Pc-
Chl Pc-Chl Rp Rp Pc-Chl Rp Rp Rp Rp Rp Rp Rp 

SiO2 41.10 40.66 32.45 35.19 34.06 31.90 30.83 31.17 31.94 31.01 29.71 30.28 
TiO2 0.76 0.89 1.87 0.11 0.02 0.14 0.06 3.92 2.25 0.14 2.24 0.06 
Al2O3 13.95 14.14 13.63 13.93 10.31 14.28 14.21 13.58 12.77 14.39 12.75 16.03 
Cr2O3 0.03 0.02 0.04 0.02 0.05 0.04 0.00 0.00 0.03 0.06 0.04 0.03 
FeO 15.91 16.09 23.02 18.47 25.24 26.85 27.19 22.46 23.44 26.70 21.69 27.41 
Mno 0.32 0.29 0.34 0.24 0.13 0.27 0.27 0.23 0.28 0.24 0.19 0.25 
MgO 11.39 11.62 15.32 16.22 17.05 14.98 15.23 11.60 14.87 14.70 11.72 14.02 
CaO 2.12 2.17 1.59 0.68 0.64 0.42 0.32 5.49 2.70 0.41 6.69 0.27 
Na2O 1.79 1.86 0.20 0.67 0.35 0.12 0.13 0.16 0.17 0.21 0.21 0.14 
K2O 0.22 0.19 0.10 0.08 0.05 0.04 0.03 0.05 0.06 0.02 0.05 0.04 
Totale 87.59 87.93 88.56 85.62 87.89 89.04 88.27 88.66 88.51 87.89 85.29 88.51 

Cation numbers based on oxygen 
Si 6.34 6.26 5.24 5.70 5.59 5.20 5.10 5.10 5.21 5.14 5.09 4.99 
Ti 0.09 0.10 0.23 0.00 0.00 0.02 0.01 0.48 0.27 0.02 0.29 0.01 
Al 2.53 2.56 2.60 2.66 1.99 2.74 2.77 2.62 2.45 2.81 2.57 3.11 
Cr 0.00 0.00 0.01 0.03 0.01 0.01 0.00 0.00 0.00 0.01 0.01 0.00 
Fe2+ 2.05 2.07 3.11 2.50 3.46 3.66 3.76 3.07 3.20 3.70 3.10 3.78 
Mn 0.04 0.04 0.05 0.03 0.02 0.04 0.04 0.03 0.04 0.03 0.03 0.03 
Mg 2.62 2.67 3.69 3.91 4.17 3.64 3.76 2.83 3.61 3.63 2.99 3.45 
Ca 0.35 0.36 0.28 0.02 0.11 0.07 0.05 0.96 0.47 0.07 1.23 0.05 
Na 0.53 0.55 0.06 0.21 0.11 0.03 0.04 0.05 0.05 0.06 0.07 0.04 
K 0.04 0.04 0.02 0.02 0.01 0.01 0.00 0.01 0.01 0.00 0.01 0.01 
Ba 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 14.59 14.65 15.27   15.47 15.43 15.53 15.14 15.32 15.47 15.38 15.47 
Mg/(Mg+Fe) 0.56 0.56 0.54 0.61 0.55 0.50 0.50 0.48 0.53 0.50 0.49 0.48 

Table 2. Chemical analyses of the Chlorite Group. The sample name show the location of the analysis. The first number 
correspond to the location in Figure 17 and the second number correspond to location in appendix 3. Chlorites are in between 

Rp: ripidolite and Pc-Chl: pycnochlorite. Plot data is in Figure 19.  
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Plagioclase Group 

Sample 
PD-1-

1 
PD-1-

6 
PD-7-

10 
PD-9-

7 
PD-6-

7 
PD-6-

13 
PD-6-

14 
PD-3-

17 
PD-6-

6 
PD-6-

9 
PD-6-

10 
PD-6-

11 
SiO2 51.08 52.34 64.80 58.32 67.54 68.10 69.17 55.67 66.85 58.18 63.17 62.59 
TiO2 0.05 0.05 0.01 0.05 0.02 0.00 0.00 0.02 0.00 0.18 0.02 0.02 
Al2O3 30.05 29.35 19.88 25.25 20.47 20.27 19.63 17.74 19.77 18.35 23.78 20.82 
Cr2O3 0.02 0.00 0.04 0.02 0.00 0.00 0.01 0.02 0.00 0.03 0.00 0.00 
FeO 0.63 0.61 1.61 0.60 0.87 0.27 0.13 8.48 1.27 1.90 0.74 0.83 
Mno 0.00 0.01 0.08 0.04 0.01 0.00 0.00 0.09 0.00 0.03 0.00 0.00 
MgO 0.30 0.30 0.88 0.25 0.35 0.19 0.03 4.55 0.78 1.60 0.62 0.25 
CaO 13.80 12.67 0.51 0.87 0.51 0.11 0.11 0.21 0.40 2.34 0.30 0.32 
Na2O 3.42 3.41 10.15 9.17 10.21 11.05 11.47 0.39 10.31 7.40 7.13 4.28 
K2O 0.02 0.03 0.58 2.15 0.48 0.54 0.12 11.30 1.65 4.48 3.73 8.65 
Total 99.37 98.76 98.55 96.70 100.47 100.54 100.69 98.47 101.04 94.50 99.49 97.76 

Cation number based on oxygen 
Si 2.34 2.40 2.91 2.69 2.95 2.97 3.00 2.71 2.93 2.81 2.81 2.89 
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 
Al 1.62 1.59 1.05 1.37 1.05 1.04 1.00 1.02 1.02 1.04 1.25 1.13 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe 0.02 0.02 0.06 0.02 0.03 0.01 0.00 0.34 0.05 0.08 0.03 0.03 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mg 0.02 0.02 0.06 0.02 0.02 0.01 0.00 0.33 0.05 0.11 0.04 0.02 
Ca 0.68 0.62 0.02 0.04 0.02 0.01 0.01 0.01 0.02 0.12 0.01 0.02 
Na 0.30 0.30 0.88 0.82 0.86 0.93 0.96 0.04 0.88 0.69 0.62 0.38 
K 0.00 0.00 0.03 0.13 0.03 0.03 0.01 0.70 0.09 0.28 0.21 0.51 

Anortite 0.68 0.66 0.03 0.05 0.03 0.01 0.01 0.03 0.02 0.13 0.02 0.04 
Orthoclase 0.02 0.02 0.06 0.02 0.03 0.01 0.00 0.87 0.05 0.12 0.06 0.04 

Albite 0.30 0.32 0.91 0.93 0.95 0.98 0.99 0.10 0.93 0.75 0.92 0.92 
Table 3. Chemical analyses of the Plagioclase Group. The sample name show the location of the analysis. The first number 

correspond to the location in Figure 17 and the second number correspond to location in appendix 3. Most of the plagioclases 
are albite, but it is labradorite and orthoclase. Plot data is in Figure 20.  

 

 

 

 

 

 

 

 

 

 

 



Appendix 5.5 
 

Amphibole Group 

Sample  
PD-
7-16 

PD-9-
4 

PD-9-
5 

PD-9-
6 

PD-10-
6 

PD-6-
8 

PD-5-
2 

PD-4-
12 

PD-4-
14 

PD-9-
14 

PD-6-
5 

PD-5-
8 

Name Eck Wnc 
Mg-
Hbl Brs Wnc 

Mg-
Hbl Brs Rct Brs Ed Brs 

Mg-
Hbl 

SiO2 
56.8

9 54.55 48.72 52.16 54.00 49.36 49.58 55.45 49.82 49.66 51.70 46.93 
TiO2 0.02 0.82 1.41 1.05 0.71 1.48 1.09 0.82 0.95 1.33 0.68 2.23 

Al2O3 
26.1

5 17.58 9.73 14.88 15.98 10.85 16.40 18.76 13.27 12.02 16.09 13.77 
FeO 0.64 6.39 12.06 8.76 7.30 12.24 10.22 5.05 11.02 10.92 7.62 11.37 
MnO 0.01 0.14 0.21 0.13 0.16 0.23 0.21 0.12 0.33 0.18 0.16 0.27 
MgO 0.37 4.74 11.08 6.84 6.15 9.92 6.30 4.18 9.32 9.17 7.45 8.71 
CaO 2.27 6.59 11.19 8.20 7.51 10.67 7.67 4.86 7.30 11.81 7.18 9.82 
Na2O 8.76 5.12 1.75 4.39 4.83 2.57 3.62 7.17 3.38 2.52 5.02 2.37 
K2O 1.69 0.15 0.09 0.08 0.07 0.23 0.42 0.15 0.13 0.10 0.18 0.16 

Total  
96.7

9 96.08 96.23 96.50 96.71 97.54 95.49 96.56 95.51 97.70 96.07 95.62 
Cation numbers based on oxygen 

Si 7.56 7.56 7.12 7.36 7.50 7.12 7.13 7.59 7.20 7.11 7.29 6.87 
Al iv 0.44 0.44 0.88 0.64 0.50 0.88 0.87 0.41 0.80 0.89 0.71 1.13 
Al vi 3.65 2.42 0.80 1.84 2.12 0.97 1.91 2.61 1.46 1.14 1.96 1.24 
Ti 0.00 0.09 0.16 0.11 0.07 0.16 0.12 0.08 0.10 0.14 0.07 0.25 
Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe2+ 0.07 0.74 1.47 1.03 0.85 1.48 1.23 0.58 1.33 1.31 0.90 1.39 
Mn 0.00 0.02 0.03 0.02 0.02 0.03 0.03 0.01 0.04 0.02 0.02 0.03 
Mg 0.07 0.98 2.41 1.44 1.27 2.13 1.35 0.85 2.01 1.96 1.57 1.90 
Ca 0.32 0.98 1.75 1.24 1.12 1.65 1.18 0.71 1.13 1.81 1.08 1.54 
Na 2.26 1.38 0.50 1.20 1.30 0.72 1.01 1.90 0.95 0.70 1.37 0.67 
K 0.29 0.03 0.02 0.01 0.01 0.04 0.08 0.03 0.02 0.02 0.03 0.03 
OH* 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 

Total 
16.6

6 16.62 17.14 16.90 16.77 17.18 16.90 16.78 17.05 17.09 17.01 17.05 
Mg/(Mg+Fe2) 0.51 0.57 0.62 0.58 0.60 0.59 0.52 0.60 0.60 0.60 0.64 0.58 

Table 4. Chemical analyses of the Amphibole Group. The sample name show the location of the analysis. The first number 
correspond to the location in Figure 17 and the second number correspond to location in appendix 3. The amphiboles have a lot 
of different compositions; Eck: eckermannite, Wnc: winchite, Mg-Hbl: Magnesio-Hornblende, Brs: Barroisite, Rct: richterite and 

Ed:edenite.  


