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Abstract 

 

Outcropping along the Rafael Caldera Highway in Mérida, Venezuela, the El Verdalito granodiorite stands out as a promi-

nent igneous body due to its geological and petrographic characteristics. This study aims to deepen its understanding 

through petrological and petrographic analyses of its mineralogy to comprehend its petrogenesis and evolution. U/Pb zir-

con dating estimates a crystallization age of approximately 440 ± 19 million years. Regarding its petrographic characteris-

tics, the El Verdalito granodiorite displays a range of primary textures with variable grain sizes, showing a dominance of 

plagioclase phenocrysts with normal zoning, along with quartz and alkali feldspars, and accessory minerals such as biotite, 

muscovite, epidote, sericite, and chlorite. Analyses reveal primary textures resulting from recrystallization, as well as sec-

ondary alterations from hydrothermal fluids. The presence of immobile elements determines the tectonic setting of for-

mation and evolution, suggesting magma generated in a pre-collisional subduction zone. 

Keywords: Granodiorite, Petrogenesis, Petrography, Geochemistry, Andes Cordillera, Tectonics. 

 

Resumen 

 

Aflorando a lo largo de la autopista Rafael Caldera en Mérida, Venezuela, la granodiorita de El Verdalito simboliza un 

cuerpo ígneo muy llamativo debido a sus características tanto geológicas como petrográficas, por ello, se busca profundi-

zar su estudio a través de análisis petrológicos y petrográficos de su mineralogía, con el fin de comprender su petrogénesis 

y evolución. Mediante la datación U/Pb en circones, se estima una edad de cristalización de aproximadamente 440 ± 19 

millones de años. En cuanto a sus características petrográficas, la granodiorita de El Verdalito muestra una serie de textu-

ras primarias con variedad de tamaños de granos. Presenta dominancia de fenocristales de plagioclasa con zonación nor-

mal, como también cuarzo y feldespatos alcalinos, así como también minerales accesorios como lo pueden ser las micas 

biotita, moscovita, epidota, sericita y clorita. Los análisis revelan texturas primarias producto de la recristalización, asi-

mismo, alteraciones secundarias provenientes de fluidos hidrotermales. La presencia de elementos inmóviles determina el 

ambiente tectónico de formación y evolución, sugiriendo un magma generado en una zona de subducción pre-placa. 

Palabra clave: Granodiorita, Petrogénesis, Petrografía, Geoquímica, Cordillera de los Andes, Tectónica. 

 

 

 

1 Introduction 

Between 1974 and 1976, the Ministry of Energy 

and Mines documented for the first time the El 

Verdalito Granodiorite, located on the geological map 

of Tovar–Guaraque–Mesa Bolívar–Bailadores, Mérida 

State, Venezuela. This igneous body crops out in the 

Chama Canyon within the Venezuelan Andes and spans 

approximately 1.7 kilometers in a North–South direc-
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tion and 1.5 kilometers East–West. 

Classified as a granodiorite by Van der Lelij in 

2013 and corroborated by Professor Rafael J. Rosales 

R. in 2020, it is found in discordant contact with Creta-

ceous rocks and is presumed to have intruded for-

mations belonging to the Tostós Association. Sample 

08VDL03, located at latitude N 8°28'49" and longitude 

W 71°34'13", yielded a U–Pb zircon age of 449.3 ± 2.5 

Ma (Van der Lelij, 2013), suggesting it is contempora-

neous with the Estanques Granite and other similarly 

aged plutonic bodies in the region. 

This study employs analytical techniques such as 

thin section petrography and geochemical analysis to 

characterize in detail the mineralogical composition of 

this igneous body. Additionally, a petrological and pet-

rographic assessment is conducted with the aim of con-

tributing to the understanding of the petrogenesis of the 

El Verdalito Granodiorite. 

 

2 Materials and methods 

 

The study was conducted at the Optical Mineralogy 

and Petrography Laboratory of the Universidad de Los An-

des. Following the standard cutting and polishing protocols 

established by MacKenzie et al. (1997), thin sections were 

prepared and examined using a Nikon ECLIPSE E200 POL 

polarizing light microscope. This enabled the detailed iden-

tification and description of crystallinity, grain size, textural 

patterns (both primary and secondary textures), and modal 

mineralogical composition (primary and secondary miner-

als, expressed as volume percentages). 

Rock classification was performed using the classifica-

tion triangles of Le Bas et al. (1991). The normative and 

relative modal percentages of the major minerals observed 

in the thin sections were calculated and plotted on the dia-

gram to determine the appropriate rock nomenclature. 

For the geochemical analysis of the granodiorite, the 

geochemical dataset for the Venezuelan Andes provided by 

Van der Lelij (2013) was used. Several classification and 

tectonic discrimination diagrams were applied, including 

the TAS (Total Alkali-Silica) diagram by Le Maitre (1982), 

the AFM (Al₂O₃–FeO–MgO) diagram, and the alkalinity 

and aluminosity diagrams by Maniar and Piccoli (1989). 

Additionally, the tectonic discrimination diagram by Pearce 

(1976), the immobile element ratio diagram by Winchester 

and Floyd (1976), and the R1–R2 diagrams proposed by De 

la Roche (1980) and Batchelor et al. (1984) were employed. 

Trace element relationships such as Th–Ta–Hf/3 (Wood, 

1980) and Th vs. Co (Hastie et al., 2007) were also ana-

lyzed to gain insights into the magmatic evolution and geo-

dynamic setting of formation. 

3 Results and Discussion  

 

3.1 Petrography of the El Verdalito Granodiorites 

 

Through petrographic examination of thin sections 

from samples GVM-101, GVM-102, GVM-103, and GVM-

104 under the microscope, it has been determined that all 

samples exhibit minerals with slight variations in the modal 

percentages of quartz, orthoclase, and plagioclase. See Ta-

ble 1. The samples contain 22.5% or less of mafic (dark 

colored) minerals, classifying them as felsic. The average 

Color Index (CI) is estimated to be below 25%, thus the 

rock is inferred to be leucocratic. According to the classifi-

cation of Le Bas et al. (1991), the samples classify the rock 

as a granodiorite (Fig. 1). 

 
Figure 1. Modal APQ ternary classification diagram for plutonic rocks (Le 

Bas et al., 1991). 

 

The observed modal variations indicate that the igne-

ous body exhibits mineralogical—and possibly chemical—

heterogeneities at different spatial scales within its em-

placement. These differences could be related to local fluc-

tuations in crystallization conditions, such as temperature, 

pressure, and magma chemistry, as well as to subsequent 

processes involving fluid interaction and magmatic differ-

entiation. 
 

Table 1. Modal percentages of thin sections taken from the El Verdalito 
Granodiorite. 

 

Sample GVM-101 GVM-102 GVM-103 GVM-104 

Quartz (Qtz) 28.50 33.40 39.30 20.80 

Orthoclase (Or) 10.50 12.30 8.60 12.20 

Microcline (Mc) 0 1.80 3.30 3.30 

Plagioclase (Pl) 38.50 36.40 34.80 51.60 

Muscovite (Ms) 9.50 10.30 3.60 5.90 

Biotite (Bt) 5.0 1.50 3.50 1.20 

Zircon (Zr) 0 0 0 0.50 

Chlorite (Chl) 2.50 0 1.70 1.0 

Sericite (Se) 1.0 0.30 0 1.60 

Epidote (Ep) 4.0 3.50 3.40 2.30 

Hornblende (Hb) 0 0 0 2.0 

Opaques (Op) 0.50 0.50 1.80 0.60 
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Regarding the observed textures, perthites (Fig. 2a) 

and antiperthites were identified. According to Winter 

(2001), the characteristic texture of granitic rocks is indica-

tive of exsolution and suggests fluctuations in magma crys-

tallization temperature— a typical feature of rocks formed 

through slow cooling under plutonic conditions. Along the 

same lines, myrmekites (Fig. 2b) were identified by their 

vermicular intergrowth of quartz within acidic plagioclase 

crystals. Additionally, Castro (2015) infers that changes in 

temperature, pressure, and/or magma composition during 

crystallization and progressive undercooling result in varia-

tions in the proportions of albite and anorthite as the crystal 

grows, leading to zoning in plagioclase (Fig. 2c). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 2. Microphotographs of the El Verdalito Granodiorite. 4x objective. 

a) Sample GVM-101. Perthitic texture, resulting from cooling below the 

solvus curve. Poikiloblastic texture, indicating recrystallization processes 
either metamorphic in nature or related to the crystallization sequence of 

phenocrysts. b) Sample GVM-103. Myrmekitic texture, generated by the 

intergrowth of quartz and plagioclase, associated with post-magmatic reac-
tions. c) Sample GVM-103. Zoned plagioclase texture, resulting from vari-

ations in albite and anorthite proportions during crystallization. Secondary 

sericitization texture affecting both alkali feldspars and plagioclase. 

 

In most of the thin sections examined, a prominent 

poikilitic texture (Fig. 2a) was observed. This texture results 

from varying nucleation and growth rates of crystal nuclei, 

which dictate the order of crystallization. It is established 

that if one mineral species encapsulates another, it must 

have crystallized first. This term is also associated with 

metamorphic processes related to mineral adjustments in a 

recrystallization environment influenced by pressure and 

temperature fluctuations. 

Moreover, the analyzed samples display a holocrystal-

line degree of crystallinity, indicating complete crystalliza-

tion, with no residual glass material present. This character-

istic suggests progressive cooling without significant 

interruptions, aligning with the phaneritic texture noted in 

the medium- to coarse-grained crystals. The serial ineq-

uigranularity, wherein grains of varying sizes coexist, indi-

cates non-uniform crystallization, potentially arising from 

fluctuations in magmatic input or environmental conditions 

during cooling. Consequently, phenocrysts exhibit a hypidi-

omorphic form, developing subhedral habits, a typical fea-

ture of magmas that experience multiple stages of crystalli-

zation, indicating that certain crystals had extended growth 

periods prior to final solidification. 

Additionally, the rock has undergone substantial hy-

drothermal alterations, evidenced by secondary textures 

such as chloritization, saussuritization, and sericitization 

(Fig. 2c) within the plagioclase, orthoclase, and microcline. 

Best (2003) suggests that during post-magmatic stages, the 

granodiorite was subjected to hydrothermal fluids enriched 

in volatile elements, likely sourced from the crystallization 

process of the magma or from adjacent intrusions. This al-

teration has not only transformed the primary mineralogy 

but has also enhanced the diversity of mineral phases pre-

sent, including sericite, chlorite, and epidote. 

Furthermore, the photomicrograph in Fig. 3 illustrates 

a hornblende crystal with scalloped edges, indicative of an 

incomplete habit, suggesting a peritectic replacement pro-

cess. This edge morphology is characteristic of the partial 

dissolution of the original mineral under unstable conditions 

within the system, possibly due to variations in pressure, 

temperature, or the chemical composition of the magma. 

The hornblende mineral is surrounded by biotite, mus-

covite, and plagioclase, indicative of environments where 

magmatic differentiation processes or interactions with re-

sidual fluids occur. This phenomenon contributes to the 

mineralogical diversification of the igneous body and re-

flects changes in crystallization conditions during the em-

placement of the pluton. 

 

 
 

Figure 3. Microphotograph of the El Verdalito Granodiorite. 4x objective. 

Sample GVM-104. Evidence of peritectic replacement of hornblende by 

biotite due to partial system instability 

 

As previously stated, this type of reaction is common 

under metamorphic conditions or during the later stages of 

magmatic crystallization. This may indicate modifications 

in the physical and chemical conditions as temperature de-

a) b) 

c) 

a) b) 
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creases or changes in the chemical composition of the sys-

tem that favor the formation of micas over hornblende. Fur-

thermore, hornblende may react with a water-rich fluid 

phase to produce micas under the moderate temperature 

conditions characteristic of metamorphism. 

 

3.2 Geochemistry of the El Verdalito Granodiorite 

 

According to the geochemical data from the Andes in 

Mérida provided by Van der Lelij (2013), the El Verdalito 

granodiorite, coded as 08VDL03, contains 64.89 wt% SiO₂, 

classifying it as an intermediate-composition rock with a 

low to moderate content of mafic minerals and a slightly 

felsic character. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4. TAS diagram (Le Maitre, R. W., 2002). Sample source: Van der 
Lelij (2013). 

 

Initially, the TAS (Total Alkali-Silica) diagram by Le 

Maitre (1982) places the sample within the dacite field, with 

a tendency toward andesitic composition (Fig. 4), suggest-

ing magmatic evolution from a more mafic parental source. 

The silica enrichment observed in the sample is indicative 

of advanced differentiation, consistent with a subduction-

related environment, where magmas typically follow a calc-

alkaline trend, as further confirmed by analysis using the 

AFM (Al₂O₃–FeO–MgO) diagram. 

The AFM diagram, used to discriminate between calc-

alkaline and tholeiitic magmas, reinforces the calc-alkaline 

classification of the granodiorite (Fig. 5), which is typical of 

volcanic arc magmas generated in subduction zones. This 

process involves the early crystallization of mafic minerals, 

which increases the silica content in the residual magma and 

promotes the formation of intermediate to felsic rocks, such 

as the igneous body in question.  

Continuing with the classification, the alkalinity and 

aluminosity indices were analyzed, yielding values of A/NK 

= 1.75 and A/CNK = 1 (Fig. 6), placing the rock in the 

metaluminous field with a trend toward peraluminous com-

position. This indicates a balanced relationship between 

aluminum oxides and alkalis. A metaluminous composition 

is common in subduction-related magmas that have under-

gone slight crustal enrichment, suggesting that the parental 

magma interacted with crustal materials during its ascent. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. AFM diagram showing the line separating tholeiitic and calc-

alkaline fields (Irving et al., 1971). Sample source: Van der Lelij (2013). 

 

 

 

 

 

 

 

 

 
Figure 6. A/CNK–A/NK. Shand’s Alumina Saturation Index (molecular 
Al/(Ca+Na+K)) versus the Alkali Saturation Index (molecular Al/(Na+K)) 

(Maniar, P. D., et al., 1989). Sample source: Van der Lelij (2013). 

 

Additionally, in the Winchester and Floyd (1976) dia-

gram—based on immobile element ratios such as Nb/Y ver-

sus SiO₂—the sample plots at the transition between dacite 

and rhyodacite, see Fig. 7. This positioning suggests that the 

El Verdalito granodiorite represents a magma that has un-

dergone significant evolution from an andesitic composi-

tion, accumulating silica and transitioning toward felsic 

compositions. 

To refine the tectonic interpretation, FeO, MgO, and 

CaO–Al₂O₃ ratios were analyzed using the Jensen (1976) 

diagram, which places the El Verdalito granodiorite in the 

calc-alkaline field, specifically within the andesite zone. 

This supports the intermediate nature of the rock and con-

firms its association with a subduction-related environment, 

where calc-alkaline magmas are predominant. 

To better constrain the tectonic setting, the Pearce 

(1976) and Wood (1980) diagrams—focused on immobile 

element ratios such as Th–Ta and Th–Hf/3 (see Fig. 8)—

confirm that the origin of the igneous body is associated 

with a volcanic arc. According to Polat (2006), these immo-

bile elements are not significantly altered by post-magmatic 
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processes, thus preserving the original geochemical signa-

ture of the tectonic environment, validating the association 

with magmas generated in subduction zones. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 7. Winchester and Floyd diagram (1976). Immobile element ratios 
(Rb, Zr, Ti, Y) versus SiO₂. Sample source: Van der Lelij (2013). 

 

 

 

 

 

 

 

 

 

 
 

Figure 8. Th–Hf/3–Ta ternary diagram for tectonomagmatic classification 
(Wood, D. A., 1980). Sample source: Van der Lelij (2013). 

 

Finally, the R1–R2 diagram used to determine the tec-

tonic setting, following De la Roche (1980) and Batchelor 

et al. (1984), places the granodiorite in a pre-collisional tec-

tonic context. Fig. 9. This result suggests that the parental 

magma originated during an early stage of tectonic conver-

gence, prior to full plate collision. This phase of high tec-

tonic compression allowed magma ascent and facilitated 

deep cooling and crystallization, as noted by Best (2003). 

 

 

 

 

 

 

 

Figure 9. Diagram for tectonic setting discrimination (Batchelor et al., 

1984). Sample source: Van der Lelij (2013). 

4 Conclusion 

4.1 Petrogenesis and tectonic context of the El Verdalito 

Granodiorite 

 

The El Verdalito granodiorite is the result of a complex 

magmatic evolution in a subduction setting influenced by 

the tectonic interaction between the Caribbean and South 

American plates. Petrographic analyses have revealed char-

acteristic textures indicative of crystallization processes un-

der fluctuating thermal and chemical conditions. These tex-

tures suggest solidification in a dynamic context, likely due 

to the injection of new magmatic pulses and interaction with 

metasomatic fluids, which altered the original conditions of 

the magma. 

From a geochemical perspective, the parental magma 

displays an intermediate, calc-alkaline composition, having 

evolved through fractional crystallization and prolonged 

differentiation during its ascent through the continental 

crust. This process led to the formation of a high-potassium, 

metaluminous rock, typical of arc magmatic environments 

associated with subduction zones. 

The pre-collisional tectonic setting provides a compre-

hensive explanation for both the magmatic and tectonic 

evolution of this granodiorite, which exhibits affinity with 

other igneous bodies in the Venezuelan Andes that display 

similar evolutionary patterns. In this regard, the El 

Verdalito granodiorite can be interpreted as part of a re-

gional magmatic cycle, where subduction processes and 

subsequent tectonic collision have played a fundamental 

role in generating differentiated magmas and shaping the 

crust in this region. 

 

4.2 Magma–crust interaction during the ascent and em-

placement of the El Verdalito Granodiorite 

 

During the ascent of the El Verdalito granodiorite, a 

complex interaction occurred between the magma and the 

Earth's crust. Throughout its magmatic evolution, beginning 

in a subduction setting, the body underwent chemical and 

mineralogical changes due to the incorporation of crustal 

materials, resulting in compositional enrichment and the 

development of distinct textures. Some of these petrograph-

ic features, such as poikilitic texture, reflect modifications 

in magma composition, leading to the assimilation of crustal 

elements that, upon partial melting, contributed to its differ-

entiation and textural complexity. 

The magma–crust interaction enabled sequential crys-

tallization of minerals, consistent with a prolonged process 

of fractional differentiation, evidenced by plagioclase zon-

ing and the late-stage appearance of mineral phases such as 

hornblende and micas. These findings underscore how the 

dynamic interaction between magma and crust played a 

crucial role in the chemical and textural evolution of this 

igneous body, closely tied to the long-standing tectonic 

subduction activity in the region.  
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4.3 Post-magmatic alteration stage of the El Verdalito 

Granodiorite 

 

The post-magmatic alteration stage of the El Verdalito 

granodiorite is characterized by a series of mineralogical 

transformations reflecting the interaction of the rock with 

hydrothermal fluids under cooling conditions. These altera-

tions include processes such as sericitization of plagioclase, 

chloritization of biotite, and saussuritization of plagioclase, 

which indicate a history of exposure to fluids rich in volatile 

elements. Sericitization reflects potassium incorporation 

during late-stage alteration, while chloritization suggests the 

progressive replacement of mafic minerals by more stable 

phases in a decreasing-temperature environment. 

These post-magmatic alterations, in addition to modi-

fying the original mineralogy, also provide insights into the 

cooling environment and geotectonic processes that affected 

the igneous body after its emplacing. The diversity of sec-

ondary mineral phases, such as sericite, chlorite, and epi-

dote, reinforces the notion of an active hydrothermal envi-

ronment, possibly associated with a fracture system that 

enabled fluid ingress. Thus, the post-magmatic alteration 

stage adds an important layer of complexity to the evolution 

of the granodiorite, linking its history to the prolonged tec-

tonic activity in the Venezuelan Andes region. 
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