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Abstract
This study uses the trace-elements composition of zircons from various units, generated during the Late Triassic-Jurassic mag-
matism of the Santander Massif, to infer the metallogenetic fertility potential of Cu (±Mo±Au) in the base metals of the magmas. 
The evaluation is based on the degree of hydration and the oxidation state since these factors can make the magma fertile for min-
eralization. The application of fertility indicators, tested by other authors from various Cu (±Mo±Au) porphyry deposits around 
the world, allows us to conclude that most of the units studied offer fertility potential for Cu (±Mo±Au) base metal deposits. The 
geological units with the greatest potential for relative fertility are the dioritic facies from La Corcova Monzogranite and from the 
Páramo Rico Tonalite and Granodiorite. The samples with an intermediate potential are, in decreasing order, those of the Mogotes 
Batholith, the Rionegro Monzogranite, the Intrusive-Extrusive Igneous Complex and a small amount in the Santa Bárbara Monzo-
granite. The samples with a possible low potential are the San Joaquín Rhyolite and the Alto Los Cacaos Rhyolites. The San Martín 
Tonalite has very little or no potential.
Keywords: �zircon as a mineral indicator, magma fertility, Cu (±Mo±Au) mineral deposits, granitoids.

R esumen
En este estudio se usan los elementos traza de los circones de varias unidades del magmatismo del límite triásico-jurásico del Ma-
cizo de Santander, con el fin de inferir el potencial de fertilidad metalogenética en metales base de Cu (±Mo ±Au) de los magmas. 
La evaluación se basa en el grado de hidratación y el estado de oxidación como factores que pueden hacer al magma fértil para 
mineralizaciones. La aplicación de indicadores de fertilidad, probados por otros autores en diversos yacimientos de pórfidos de 
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1. �Introduction

The igneous suite at the Late Triassic-Early Jurassic boundary 
in the Santander Massif (Colombian Andes), which are known 
as the Santander Plutonic Group (Ward et al., 1973), has been 
the subject of several petrogenetic studies (Goldsmith et al., 
1971; Ward et al., 1973; Restrepo-Pace, 1995; Restrepo-Pace et 
al., 1997; Ordóñez-Carmona, 2001; van der Lelij et al., 2016, 
2019; Rodríguez et al., 2017; Leal-Mejía et al., 2019; López-Isa-
za and Zuluaga, 2020; Rodríguez et al., 2020a, 2020b). Howe-
ver, little research has been done that relates to the potential 
metallic mineral deposits within those units (Mantilla Figueroa 
et al., 2001; Mantilla and Mesa, 2002; Gamboa Herrera, 2016; 
Prieto et al., 2019). No significant mineralizations of Cu, Pb, 
Zn, Mo, W, Sn and ±Au associated with this magmatism have 
been discovered. However, the existence of type I and type S 
granites, both peraluminous and metalluminous (van der Lelij 
et al., 2016; Zuluaga and López, 2019; Rodríguez et al., 2020a, 
2020b), suggests different formation conditions for these gra-
nites and reveals the possibility of various mineral deposits.

Traditionally, the analysis of the metallogenetic fertility po-
tential of magmas has been carried out with indicators based 
on total rock geochemistry (Blevin and Chappell, 1992, 1995; 
Chiaradia et al., 2012; Loucks, 2014; Richards, 2015; Cheng et 
al., 2018). However, this type of study has limitations due to 
the mobility driven by hydrothermal alteration or weathering 
of some present chemical elements (Lu et al., 2016). In recent 
years, studies on potential mineral fertility have been based 
on the composition of trace elements, namely zircon, as it is a 
mineral resistant to subsolidus modifications, which can pre-
serve the compositional characteristics of magmas that form 
metallic mineral deposits (Ballard et al., 2002; Belousova et al., 
2006; Rohrlach and Loucks, 2005; Lu et al., 2016). The compo-
sition of zircon, especially its trace elements, reflects the redox 
states of magma (Ballard et al., 2002; Hoskin and Schaltegger, 

2003; Burnham and Berry, 2012; Dilles et al., 2015; Shen et 
al., 2015) and serves as an indicator of porphyry-type Cu-Au-
(Mo) deposits (Dilles et al., 2015; Lu et al., 2016, 2019; Cooke 
et al., 2017), Sn-W mineralization in granitoids (Gardiner et 
al., 2017) and Cu-Pb-Zn skarn deposits (Zhong et al., 2018).

This article presents the reinterpretation of the trace ele-
ment compositions of zircons from various igneous units 
belonging to the Triassic-Jurassic boundary of the Santander 
Massif (Rodríguez et al., 2017; 2020c, 2020d, 2020e, 2020f; Co-
rrea Martínez et al., 2020a, 2020b; Arango et al., 2020). The 
purpose of this reinterpretation was to analyze the metalloge-
netic fertility potential of Cu (±Mo±Au) in the granitoid-for-
ming magmas. The information obtained from the zircon ser-
ves as a mineral exploration tool to predict possible exploration 
targets in geological units of the Santander Massif.

2. �Background on the metallogenetic fertility potential of 
magma

The metallogenetic fertility of a magma refers to its predis-
position to form magmatic-hydrothermal mineral deposits 
of precious metals and bases, which depends on the capaci-
ty of the magmatic system to exsolve vapors and metal-rich 
fluids (Cooke et al., 2009; Sillitoe, 2010). The main parame-
ters that determine the metallogenetic fertility potential of 
igneous suites relate to the tectonic environment, the type of 
rock, the source and compositional evolution, the degree of 
fractionation and the hydration and oxidation states of the gra-
nitoid-forming magmas (Ishihara, 1981; Blevin and Chappell, 
1992; Richards et al., 2012; Gardiner et al., 2017).

In general, magmas resulting from melting of igneous pro-
toliths in the crust tend to be more oxidized (forming grani-
tes of the magnetite series), and they produce I-type granites. 
Their associated mineral deposits often have significant con-
centrations of Cu, Pb, Zn, Mo, and Au. On the other hand, the 

Cu (±Mo ±Au) de todo el mundo, permite concluir que la mayoría de las unidades estudiadas presentan potencial fertilidad para 
los yacimientos de metales base de Cu (±Mo±Au). Las unidades geológicas con mayor potencial de fertilidad relativa son las facies 
dioríticas de La Corcova y la Tonalita y Granodiorita del Páramo Rico. En orden decreciente, con un potencial intermedio están 
las del Batolito de Mogotes, el Monzogranito de Rionegro, el Complejo Ígneo Intrusivo-Extrusivo y un cuerpo menor del Mon-
zogranito de Santa Bárbara, mientras que con un posible bajo potencial están la Riolita de San Joaquín y las Riolitas del Alto Los 
Cacaos. Con muy bajo o nulo potencial se encuentra la Tonalita de San Martín.
Palabras clave: �circón como indicador mineral, fertilidad del magma, depósitos minerales de Cu (±Mo ±Au), granitoides.
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magmas derived from partial melting of sedimentary or supra-
crustal rocks are more felsic, reduced (derived from granites 
belonging to the ilmenite series), and generate S-type granites 
that contain mineral deposits characterized by the presence of 
Sn, W, U and Th (Chappell and White, 1974; Ishihara, 1978, 
1981; Robb, 2005).

Specifically, Cu (-Au) deposits are associated with the more 
mafic end of the granitoid spectrum, which derives from oxi-
dized, relatively unevolved, moderately fractionated, and hy-
drated magmas (Belvin and Chappell, 1995; Sillitoe, 2010). Mo 
is related to fractionated felsic granites and oxidized magmas, 
while W is related to magmas of intermediate compositions 
and with intermediate to relatively low oxidation states (Ble-
vin and Chappell, 1992, 1995). W-Mo deposits are formed in 
granitic magmas with intermediate fractionation (Blevin et al., 
1996; Thompson et al., 1999; Cheng et al., 2018). Tin deposits 
are associated with highly fractionated felsic granites and re-
duced magmas. Skarn deposits are similar in many aspects of 
their origin and evolution to those of the porphyry-type (Silli-
toe, 2010; Zhong et al., 2017).

Magmas that form mineral deposits have distinctive who-
le-rock geochemical and trace-element compositions of zir-
cons relative to nonmineralized magmas (Lu et al., 2016). The-
se compositions can be indicators of fertility, and in the case of 
Cu porphyry systems related to arc magmas, they are explained 
by high magmatic sulfur and water contents that generate high 
oxidation and hydration states; therefore, they favor the trans-
port and precipitation of metals (Ballard et al., 2002; Richards 
et al., 2012; Chiaradia et al., 2012; Loucks, 2014).

Zircon is used as an indicator of the potential fertility of 
magma (Ballard et al., 2002; Richards et al., 2012; Dilles et al., 
2015; Lu et al., 2016; Gardiner et al., 2017). Patterns of rare 
earth elements (REEs) of typical igneous zircon, normalized 
to chondrite, exhibit positive Ce and negative Eu anomalies 
(Hoskin and Schaltegger, 2003). The magnitude of these ano-
malies varies as a function of the oxygen fugacity (fO2) of the 
melt (Ballard et al., 2002; Burnham and Berry, 2012; Trail et al., 
2012). The zircons of more oxidized magmatic systems, which 
in turn are interpreted as more fertile in terms of porphyry-ty-
pe Cu mineral deposits, exhibit greater positive Ce anomalies 
and very slight or nonexistent negative Eu anomalies (Ballard 
et al., 2002; Richards et al., 2012; Chelle-Michou et al., 2014; 
Dilles et al., 2015; Lu et al., 2016). These authors and others at-
tribute the weak Eu anomaly, in addition to the oxidation state 
of magma, to the suppression of plagioclase crystallization (a 

mineral that normally incorporates more Eu 2+ in its structure 
than the other of REEs and causes the negative Eu anomaly 
strength in zircon) in hydrated magmas.

Alternatively, Loader et al. (2017) suggest that weak nega-
tive Eu anomalies are dependent on REE concentrations in the 
melt and not necessarily on redox conditions. The weak negative 
Eu anomaly can also be explained by the prior or simultaneous 
crystallization of titanite with zircon, which produces an increa-
se in the Eu/Eu* ratio and a decrease in the negative Eu anomaly 
within the zircon. In any case, the authors concluded that the Eu 
anomaly in the zircon, despite being an empirical criterion of the 
redox conditions of the system, works well as a screening tool 
to establish the potential for magmatic fertility. In addition, the 
presence of titanite is also an indicator of fertility.

There are equations proposed by different authors that can 
approximate the Ce4+/Ce3+ relationship and the Ce anomaly, 
such as those from Ballard et al. (2002) and Loader et al. (2017), 
or that can approximate the relationships used as proof of en-
richment or impoverishment in Ce, such as, for example, the 
Ce/Nd relationship presented in Chelle-Michou et al. (2014). 
Loader et al. (2017) argue that the Ce anomaly (Ce/Ce*), al-
though it is a good test of the oxidation conditions, is a semi-
quantitative measure of these conditions due to the analytical 
difficulties in directly quantifying the chemical elements used 
when calculating the Ce4+/Ce3+ and Ce/Ce* relationships (see 
explanations in Lu et al., 2016, 2017).

According to Lu et al. (2016), the best indicators for the fer-
tile magmatic units in Cu (±Mo±Au) and Mo porphyry-type 
mineralizations are the values of the relationships Eu/Eu* and 10 
000* (Eu/Eu*)/Y, whereas the relationships (Ce/Nd)/Y and Dy/
Yb are moderately useful. The Eu/Eu* (> 0.3) and 10 000* (Eu/
Eu*)/Y (> 1) ratios indicate high magmatic water contents. The 
(Eu/Eu*)/Y relationship is consistent with the early fractionation 
of amphibole that impoverishes Y within the melt, which is a 
complementary process to the suppression of the early crystalli-
zation of plagioclase due to the presence of water in the magma. 
The Ce/Nd ratio is used as an estimate of the Ce anomaly. The 
Dy/Yb ratio is proof of the fractionation of amphibole due to 
the incorporation of middle REEs (MREEs), which is where the 
fractionation of amphibole within hydrated melts leads to a de-
crease in the Dy/Yb ratio (Davidson et al., 2007).

Ballard et al. (2002) found that the zircons associated with 
porphyry-type copper mineralizations in the Chuquicamata-El 
Abra belt in Chile have Ce4+/Ce3+ ratios > 300 and Eu/Eu*> 
0.4. In porphyry and epithermal deposits from Chile, Peru 
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and Nevada, Dilles et al. (2015) observed that Eu/Eu* ratios 
> 0.4 characterize mineralization-forming intrusions. Lu et al. 
(2016) found that the fertile magmatic units in porphyry-type 
Cu-Au-Mo mineralizations have higher Eu/Eu* ratios (> 0.3), 
10 000* (Eu/Eu*)/Y (> 1), (Ce/Nd)/Y (> 0.01) and lower ratios 
of Dy / Yb (<0.3) than within infertile units and exhibit Ce/
Nd relationships between approximately 2-110. Loader et al. 
(2017) and Lu et al. (2019) consider the value of Eu/Eu* ratios 
> 0.4 as a reference for fertile units.

Gardiner et al. (2017) found that for zircons from arc Cu de-
posits, the average values of Ce/Ce* vary from 46-350, and for Eu 
anomalies between 0.19 and 0.24, while for Sn deposits, the ave-
rage values are, in general, lower and vary between 0.8 and 43, 
and the Eu/Eu* ratios present values of ca. ≤0.08. These authors 
calculated the Ce anomaly as follows: Ce/Ce* = Ce/(The´ Pr)0.5. 
Additionally, in zircons with La below the detection limit, they ex-
trapolated a value for Ce* from Pr and Nd on a logarithmic scale.

For skarn-type deposits of Cu-Pb-Zn, Zhong et al. (2018) 
found that fertile intrusions exhibit Ce4+/Ce3+ values > 12 and Eu/
Eu* values between 0.07 and 0.31. These authors calculated Ce4+/
Ce3+ by applying the method proposed in Ballard et al. (2002).

As explained by Blevin and Chappell (1992), not all gra-
nitoids with fertility potential are mineralized. In addition to 
causes such as nonexposure or the removal of the preexisting 
mineralization by erosion, there are other factors that can de-
cisively impact mineralization. Among these are the timing of 
the liberation of the magmatic aqueous phase as that relates to 
the degree of crystallization of the pluton and the chemical and 
structural nature of the wallrocks.

3. �Geological context

The study area is located in the Santander Massif in the Eas-
tern Cordillera of the Colombian Andes (Figure 1). This massif 
consists mainly of a Precambrian and Ordovician metamor-
phic basement and, to a lesser extent, an igneous basement 
also Ordovician (Ward et al., 1973; Restrepo-Pace et al., 1997; 
Cordani et al., 2005; van der Lelij et al., 2016; Rodríguez et al., 
2020a; Mantilla Figueroa et al., 2012, 2016; Rodríguez, 2022). 
Devonian and Carboniferous-Permian sedimentary rocks dis-
cordantly cover the basement (Cediel, 1969; Ward et al., 1973). 
An extensive magmatic event that occurred between the Late 
Triassic and the Early Jurassic intruded into the basement. 
Magmatism was followed by volcanism and intracontinental 
sedimentation between the Early and Late Jurassic (Ward et 

al., 1973). Epicontinental marine sedimentation occurred in 
the Cretaceous (Etayo Serna et al., 1985). During the Miocene, 
the location of small porphyry bodies with gold mineralization 
occurred, where the best known are those of the Berlin area 
(Leal-Mejía, 2011; Mantilla Figueroa et al., 2013). Finally, slope 
and alluvial deposits formed during the Quaternary.

3.1. Previous studies on Triassic-Jurassic magmatism 
in the Santander Massif and associated 
mineralizations

The Late Triassic-Early Jurassic magmatism in the Santander 
Massif is represented by large batholiths and stocks (Goldsmith 
et al., 1971; Ward et al., 1973; van der Lelij et al., 2016; Rodríguez 
et al., 2020a, 2020b). This igneous suite consists mainly of mon-
zogranites and, to a lesser extent, granodiorites, tonalites and 
diorites (Rodríguez et al., 2017). Basement metamorphic xenoli-
ths are common in some plutons (Rodríguez et al., 2020b). The-
re are also Jurassic and Cretaceous dikes and others that have not 
yet been dated (Correa Martínez et al., 2020a).

The U‒Pb crystallization ages of the Mesozoic igneous units 
in the Santander Massif are between the Late Triassic (~ 214 Ma) 
and the Early Jurassic (~ 195 Ma), and contain the following ol-
der zircons: from the Proterozoic (1800-1600 Ma, 850-542 Ma), 
Ordovician-Silurian-Devonian and, to a lesser extent, from the 
Carboniferous, Permian and Triassic (Goldsmith et al., 1971; 
Restrepo-Pace et al., 1997; Dörr et al., 1995; Mantilla Figueroa 
et al., 2013; van der Lelij et al., 2016; Rodríguez et al., 2017; Alar-
cón-Gómez et al., 2019; Rodríguez et al., 2020a, 2020b).

The magmatism in question ranges from calc-alkaline to 
high-K calc-alkaline series, is mainly peraluminous and to a 
lesser extent metalluminous (Mantilla Figueroa et al., 2013; 
Spikings et al., 2015; van der Lelij et al., 2016; Zuluaga and 
López, 2019; Rodríguez et al., 2020a). There are two contras-
ting models that explain this magmatism. First, proponents 
interpret magmatism as a product of the activity of a conti-
nental margin magmatic arc generated in an oblique Pacific 
subduction zone below the South American margin (Aspden 
et al., 1987; Restrepo-Pace, 1995; Bayona et al., 2006; Mantilla 
Figueroa et al., 2013; van der Lelij et al., 2016; Spikings et al., 
2015; Rodríguez et al., 2020a). The subduction was framed in 
an extensional regime related to the fragmentation of Pangea 
(Restrepo-Pace, 1995; Spikings et al., 2015; van der Lelij et al., 
2016). The extension possibly also contributed to the decom-
pression and partial melting of the thinned continental crust 
(Zuluaga and López, 2019). The peraluminous character has 
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Figure 1. �Geological map of the Santander Massif, showing the igneous bodies studied and the location of the analyzed samples
Source: �taken from Rodríguez et al. (2020a), modified from Ward et al. (1973).
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been interpreted as a result of contamination by the thick con-
tinental crust (Spikings et al., 2015; van der Lelij et al., 2016; 
Zuluaga and López, 2019). From isotopic data collected from 
Lu‒Hf in zircons and Rb‒Sr and Sm‒Nd in the whole-rock of 
some of the units studied, van der Lelij et al. (2019) identified 
that the source corresponded to recycled melts of continental 
crust of 1 Ga or older at the northwestern end of Gondwana 
between ~ 472 Ma and ~ 196 Ma, with no contribution of juve-
nile material. The presence of both peraluminous and metallu-
minous rocks has been explained as a function of the residence 
time of the crust in the subduction zone (Mantilla Figueroa et 
al., 2013). In the second model, other authors interpret that 
this magmatism was produced by a rift-type extension process 
associated with the fragmentation of Pangea (Kammer, 1993; 
Mojica et al., 1996) and that said magmatism is not directly 
associated with subduction (Leal -Mejía et al., 2019). In this 
sense, the generation of magmas could be related to the partial 
melting of the metamorphic basement of the Santander Massif, 
which was thermally induced by the ascent of the mantle as a 
result of the extensional process (Leal-Mejía et al., 2019).

The available investigations on the potential in metallic mi-
neral deposits of the bodies of the Plutonic Santander Group are 
few. The main mineralizations investigated thus far are mentio-
ned below: fluorite deposits with galena and quartz are found in 
lenticular seams in the Pescadero Granite (Willms, 1990; Mantilla 
Figueroa et al., 2001; Mantilla and Mesa, 2002) and were genera-

ted possibly cogenetically with the nesting rock at approximately 
200 Ma (Prieto et al., 2019). Fluorite-barite-galena mineraliza-
tions are associated with fault zones within the intrusive-extrusi-
ve Igneous Complex and correspond to a hydrothermal deposit, 
but no further details are known about its genesis (Guatame-Gar-
cía, 2009). The presence of Au and Ag in quartz and pyrite veins 
and minerals rich in rare earth elements are related to hydrother-
mal alteration processes within the Mogotes Batholith (Gamboa 
Herrera, 2016). According to Ardila Melo and Ayala Caicedo 
(2017), the minerals rich in REEs seem to be related to magmatic 
processes and not to hydrothermal processes.

3.2. Petrographic, geochronological and geochemical 
summary of the units studied

In this work, the results of samples from the following units are 
reinterpreted (Figure 1): Mogotes Batholiths (Ward et al., 1973; 
Correa Martínez et al., 2020a), Santa Bárbara Monzogranite 
(Ward et al., 1973; Rodríguez et al., 2020c), La Corcova Monzo-
granite (Ward et al., 1973; Rodríguez et al., 2020d), Páramo Rico 
Tonalite and Granodiorite (Ward et al., 1973; Rodríguez et al., 
2017), Rionegro Monzogranite according to Arango et al. (2020) 
and an Intrusive-Extrusive Igneous Complex (Daconte and Sali-
nas, 1980), which was considered by Arango et al. (2020) as the 
northern extension of the Rionegro Monzogranite. Additionally, 
San Martín Tonalite (Ward et al., 1973; Rodríguez et al., 2020e), 
San Joaquín Rhyolite (Rodríguez et al., 2020f) and Alto Los Ca-

Table 1. �Summary of the petrographic, geochemical and geochronological characteristics of rocks from the Triassic-Jurassic igneous unit of the Santander Massif

 SGC ID  Field ID  Latitude N  Length W  Unit
 Modal composition/Petro-

graphic classification
 Chemical Classification/

Granite Type/Magma Type
 U–Pb Age (Ma), MSWD/

Author
900944 MIA-638 6°33’30.56” 72°56’16.53” Mogotes Batholith Kfs + Pl + Qtz + Bt + Ap + Op + 

Zrn/Monzogranite
Granite/“I”/moderately evolved 

and fractionated
200.4 ± 2.2, MSWD = 6.7/Correa 

Martínez et al. (2020a)

900962 TCR-376 6°41’06.89” 72°57’13.26” Mogotes Batholith Pl + Qtz + Kfs + Bt + Op (Ilm + 
Mag) + Ap + Zrn/Monzogranite

Granite/“I”/strongly evolved, 
little fractionated

202.5 ± 1.3, MSWD = 2.6/Correa 
Martínez et al. (2020a)

900875 AMC-0144 6°25’27.04” 72°50’23.11” Mogotes Batholith (minor body) Kfs + Qtz + Pl + Bt + Op + Ms/
Apolytic Sienogranite

Granite/“I”/strongly evolved, 
fractionated

202.1 ± 1.8, MSWD = 4.6/Correa 
Martínez et al. (2020a)

900942 MIA-636 6°41’00.04” 72°57’59.63” Mogotes Batholith (minor body) Kfs + Pl + Qtz + Bt + Op + Ap + 
Zrn/Monzogranite

Granite/“I”/moderately evolved, 
fractionated

205.4 ± 3.0, MSWD = 13/Correa 
Martínez et al. (2020a)

900890 GR-6729 6°26’37.35” 72°51’22.87” San Joaquín Rhyolite
Phenocrystals: Pl + Qtz + Bt + 

Kfs + Op (Ilm + Mag) + Ap + Zrn, 
felsitic matrix/porphyry Dacite

Rhyolite/“S”/strongly evolved, 
moderately fractionated

201.0 ± 2.1, MSWD = 3.2/
Rodríguez et al. (2020f)

900876 AMC-0145 6°26’04.10” 72°52’37.26” Alto Los Cacaos Rhyolites
Spherulitic with felsitic matrix 
Kfs + Qtz + Pl + Bt + Op (Mag 

with Ti)/Quartz-trachyte alkaline-
porphyry feldspar

Rhyolite/“I”/moderately evolved, 
fractionated

201.6 ± 2.1, MSWD = 2.3/Correa 
Martínez et al. (2020b)

900860 AMC-0127 6°56’10.39” 72°54’06.51” Monzogranite from Santa 
Barbara (minor body)

Phenocrysts (Pl + Qtz + Bt + Op 
+ Aln + Zrn), vitreous matrix/

Porphyry rhyolite
Rhyolite/“I”/strongly evolved, 

moderately fractionated
203.0 ± 2.6, MSWD = 9.1/
Rodríguez et al. (2020c)

900936 MIA-630B 7°02’12.09” 73°02’42.73” La Corcova Monzogranite (minor 
body, subordinate facies)

Pl + Hbl + Bt + Qtz + Op (Py + 
Ilm?) + Zrn + Ap + Aln + Tnt/

Quartzodiorite
Diorite/“I”/strongly evolved, 

little fractionated
207.7 ± 1.2, MSWD = 1.5/

Rodríguez et al. (2020c, 2020d)

900955 TCR-363 7°12’51.56” 72°53’55.72” Páramo Rico Tonalite and 
Granodiorite

Pl + Bt + Qtz + Hbl + Kfs + Tnt + 
Op + Ap + Zrn/Granodiorite

Diorite/“I”/strongly evolved, 
little fractionated

206.8 ± 1.0, MSWD 1.1/Rodríguez 
et al. (2017)

900938 MIA-632 7°12’38.33” 73°07’43.86” Rionegro Monzogranite Pl + Qtz + Kfs + Bt + Op (Ilm?) + 
Tnt + Ap + Zrn + Aln/Granodiorite

Granite/“I”/strongly evolved, 
moderately fractionated

Sample with trace elements JGB-
462: 197.2 ± 1.5, MSWD = 3.0/

Arango et al. (2020)

900973 GR-6743 8°11’22.43” 73°19’00.39”
Intrusive-Extrusive Igneous 

Complex (Rionegro 
Monzogranite according to 

Arango et al. (2020))

Pl + Qtz + Kfs + Bt + Op + Ap 
+ Zrn + Tnt/Granodiorite-

monzogranite
Granite/“I”/moderately evolved, 

little fractionated
195.9 ± 1.6, MSWD =  4.0/Arango 

et al. (2020)

901032 TCR-395A 7°55’41.61” 73°23’44.42” San Martín Tonalite Pl + Qtz + Bt + Hbl + Kfs + Op 
(Mag + Py) + Zrn + Ap/Tonalite

Quartzodiorite-granodiorite/“I”/
not evolved, not or little 

fractionated
198.9 ± 1.8, MSWD = 1.1/
Rodríguez et al. (2020e)

Mineral abbreviations: �Whitney and Evans (2010).
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caos Rhyolites (Correa Martínez et al., 2020b) are also present. 
The location of the studied samples is shown in Figure 1.

Detailed petrographic descriptions and geochemical and 
geochronological characterizations of the units can be found in 
the works cited in the previous paragraph. Table 1 summarizes 
the petrographic composition, the petrographic and chemical 
classifications and the ages of the samples studied.

The lithotypes analyzed were mainly monzogranites and, to a 
lesser extent, porphyry rhyolites, quartzodiorites or diorites and 
granodiorites. All the samples are from the subalkaline series, 
with a high-K calc-alkaline trend, except for the San Martín To-
nalite (TCR-395) sample, which follows the calc-alkaline trend 
(Rodríguez et al., 2017). Most of the samples are peraluminous 
and slightly peraluminous (ACNK <1.1), and only samples MIA-
630B (La Corcova Monzogranite), TCR-363 (Páramo Rico Tona-
lite and Granodiorite) and GR-6743 (Intrusive-Extrusive Igneous 
Complex) are metaluminous (Rodríguez et al., 2017, 2020b).

4. �Methods

In this work, the zircon trace-element composition of several 
samples published in the following studies was reinterpreted: 

Rodríguez et al. (2017, 2020c, 2020d, 2020e, 2020f), Correa 
Martínez et al. (2020a, 2020b) and Arango et al. (2020). The 
analysis was conducted on zircons with Triassic-Jurassic ages; 
therefore, xenocrystals were excluded. For the fertility inter-
pretations, zircons with La> 1 ppm and Ti> 50 ppm were dis-
carded since those values may reflect inclusions of apatite and 
Ti- (Fe-) oxides, respectively (Lu et al., 2016).

The Eu anomaly was obtained by the following formula: 
Eu/Eu* = Eu N/(Sm N × Gd N)0.5. The Ce anomaly was calcula-
ted by the method presented in Loader et al. (2017) using the 
following equation: Ce/Ce* = Ce N/[(Nd N)2/Sm N]. The subs-
cript N denotes the values normalized to those of the chondrite 
presented in Sun and McDonough (1989).

5. �Results

5.1. Zircon geochemistry
The complete results of the reinterpreted samples can be found 
in Rodríguez et al. (2017, 2020c, 2020d, 2020e, 2020f), Correa 
Martínez et al. (2020a, 2020b) and Arango et al. (2020). Table 
2 summarizes the maximum, minimum and median values of 
the chemical elements and ratios of zircons.

Table 2. �Summary of the statistics of the chemical composition of igneous zircons associated with the crystallization events of the Late Triassic-Early Jurassic
Sample MIA-638 TCR-376 MIA-636 AMC-0144 GR-6729 AMC-0145

Age range (Ma) 214.8-195.1 (n = 12) 217.3-196.4 (n = 21)
Main population 

age
206.2-198.7 (n = 9) 207.1-196.4 (n = 19) 219.4-199.1 (n = 16) 208.2-196.7 (n = 14) 209.4-191.9 (n = 13) 213.4-195.2 (n = 16)

Trace element Min Median Max. Min Median Max. Min Median Max. Min Median Max. Min Median Max. Min Median Max.
You 6 8.25 15.9 6.61 8.26 13.17 6.71 10.45 17.8 5.37 7.48 10 7.1 13.10 22.3 7.35 10.50 13.5

P 320 1040.00 3510 72 248.00 970 160 505.00 1130 11 210.00 340 - - - 53 363.00 580

And 632 2545.00 9800 370 1433.00 6140 721 1685.00 4480 472 1105.00 2350 550 1460.00 4100 876 1330.00 2280

Nb 3.62 10.05 86 1.89 4.97 28.1 1.21 6.45 70.8 1.34 4.80 8.3 1.3 2.83 8 1.26 3.59 15

The 0 0.16 0.51 0 0.07 0.33 0.0015 0.08 0.87 bdl 0.01 0.46 0 0.03 0.49  bdl 0.03 0.64

Ce 17 121.50 689 16.1 51.30 424 16 65.80 155 18.1 43.75 93 16.6 33.30 122 22.1 44.85 58.2

Pr 0.028 0.34 1.15 0.0037 0.14 1.6 0.074 0.14 0.56 0.0159 0.07 0.7 0.039 0.26 1.22 0.055 0.24 0.61

Nd 0.59 5.48 22.7 0.26 3.03 25.2 1.44 2.95 9.8 0.38 1.48 9.7 0.69 2.80 16.3 1.48 4.05 8.8

Sm 1.45 9.85 46.7 0.7 5.10 41.6 2.94 5.86 15.9 1.21 3.02 16.2 1.58 5.60 27.7 3.26 6.98 13.4

Eu 0.466 3.49 11.8 0.314 2.25 10.59 0.98 1.89 4.55 0.451 1.16 5.2 0.61 1.76 8.9 1.29 2.24 5.04

Gd 9.5 49.85 255 4.8 24.70 184.6 14.9 34.75 84 8.24 18.40 66.2 10 28.00 124 21.3 35.20 59.5

Tb 3.45 17.25 85 2.05 8.71 54.2 5.13 12.25 29.8 3.06 6.38 19.5 3.8 10.60 38 6.86 11.50 19.1

Dy 45.1 205.00 960 27.3 115.30 606 62.2 153.00 405 38 83.55 218 46.4 128.00 420 81 137.50 217

Ho 19.7 82.85 352 11.8 49.70 217 23.9 59.20 158 14.8 34.50 76 19.1 50.00 146 28.6 45.85 78.3

Er 98 377.00 1460 60.5 219.60 911 115 266.50 738 76.1 175.00 371 88 230.00 590 140 211.50 366

Yb 274 785.00 2320 151 484.90 1540 244 518.00 1350 184 417.00 781 181 460.00 1020 275 385.00 690

Mon 64 161.50 437 35.9 101.20 293 50.3 106.35 257 42.1 90.75 164 37.1 96.00 201 57.1 79.25 139

Hf 7000 9800.00 17 500 7940 10 770.00 11 340 7330 10 225.00 14 100 8470 10 550.00 11 700 7100 9300.00 14 300 7630 9040.00 10 700

Pb 7.775 15.45 66.25 4.025 11.98 41.75 1.5125 6.66 47.5 4.975 11.10 23 1.525 4.33 11.25 2.1275 6.05 13.35

Th 208 618.00 7070 71.5 389.00 3570 47.1 208.50 1360 105.8 312.50 920 50.6 198.00 590 73.4 184.00 353

U 234 466.00 1990 118 355.60 1242 45.6 209.00 1550 148 357.00 724 44.2 133.00 335 68.8 182.50 382

Eu/Eu* 0.25 0.37 0.61 0.37 0.48 0.62 0.20 0.44 0.62 0.36 0.47 0.52 0.39 0.47 0.54 0.40 0.45 0.56

Ce/Ce* 26.10 151.40 795.07 13.20 150.38 394.13 20.7 98.38 455.3 30.1 170.37 471.3 11.33 50.88 163.86 17.9 46.08 238.9

10 000*(Eu/Eu*)/Y 0.34 1.63 4.54 0.60 4.09 14.15 0.45 2.84 7.13 1.85 4.38 9.25 1.13 2.69 8.53 1.86 3.50 5.09

(Ce/Nd)/Y 0.003 0.010 0.063 0.002 0.021 0.167 0.003 0.010 0.026 0.003 0.027 0.101 0.001 0.01 0.056 0.003 0.008 0.032

Dy/Yb 0.19 0.30 0.41 0.18 0.23 0.39 0.25 0.30 0.37 0.18 0.22 0.35 0.25 0.33 0.41 0.25 0.31 0.39
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The REE patterns obtained for zircons with ages between 
the Late Triassic and the Early Jurassic are shown in Figure 2. 
Most of the patterns exhibit the shape characteristic of mag-
matic zircon patterns with negative Eu anomalies and positi-
ve Ce anomalies. It is observed that some REE patterns show 
enrichment in light REE (LREE; represented with dotted and 
colored lines), which may be due to the inclusions of REE-bea-
ring minerals, such as apatite or monazite, which is a common 
type of contamination when analyzing zircons by laser ablation 
inductively coupled plasma mass spectrometry (LA-ICP-MS) 
(Lu et al., 2016). With the exception of the zircons from sample 
TCR-395A, the zircons from the other samples, in general, ex-
hibit mild negative Eu and pronounced positive Ce anomalies.

The fertility indicators, according to Lu et al. (2016), for Cu 
porphyry systems (±Mo±Au) are shown in Figure 3. The me-
aning of the variables of each of the diagrams are explained in 
the section “Background on metallogenetic fertility potential 
of magma”. The zircons of almost all the samples display Eu/
Eu* ratios above 0.3, and many show (Ce/Nd)/Y values grea-
ter than 0.01 (Figures 3a, 3b and medians presented in Table 

2), which plot in fertile magma field for Cu (±Mo±Au). This 
indicates that they were derived from magmas with high water 
content or high oxidation states or both. There are exceptions, 
such as the San Martín Tonalite, in which a large part of its 
zircons exhibits Eu/Eu* values below 0.3 and (Ce/Nd)/Y values 
less than 0.01; thus, following the criteria presented by Lu et al. 
(2016), these would represent nonhydrated and reduced mag-
mas. Regarding the relationship 10 000* (Eu/Eu*)/Y (Figures 
3c, 3d and medians in Table 2), the zircons from most samples 
have values greater than 1, which indicates the derivation of 
hydrated and fertile magmas with fractionation of amphibo-
le and suppression of plagioclase; however, by again applying 
this criterion, the zircons of the San Martín Tonalite plot at the 
limit, slightly above 1. For the relationship of Eu/Eu* and Dy/
Yb (Figures 3e, 3f and medians presented in Table 2), it can be 
seen that most zircons have Dy/Yb values less than or equal 
to 0.3 and Eu/Eu* greater than 0.3, which indicates early and 
late fractionation of amphibole and plagioclase, respectively. In 
the diverse diagrams (Figure 3), these zircons plot within the 
fields of fertile suites. Some zircons of the samples from the 

Sample AMC-0127 MIA-630B TCR-363 JGB-462 GR-6743 TCR-395A
Age (Ma) 212.7-194.3 (n = 18) 212.6-196.3 (n = 31) 214.0-200.9 (n = 28) 205.6-187.8 (n = 26) 204.7-186.4 (n = 21) 205.1-194.5 (n = 11)

Trace element Min Median Max. Min Median Max. Min Median Max. Min Median Max. Min Median Max. Min Median Max.
You 7.3 9.00 12.9 5.86 7.68 32.8 6.55 8.52 14.1 7 9.0 14 6.53 9.87 14.7 7.13 8.71 13.67

P 135 336.50 2260 31 317.00 888  - 230.00 560 257 496.0 1033 140 526.00 1820 300 644.00 884

And 628 1485.50 6470 606 2280.00 7090 232 695.50 1850 740 1890.5 4560 621 2060.00 7360 938 2220.00 3208

Nb 0.99 4.07 16.3 2.11 11.80 40.8 0.71 1.72 5.6 2 7.0 15 2.01 6.16 39.4 2.14 3.75 5.87

The 0 0.03 0.282  bdl 0.06 0.81 0 0.00 0.65 0 0.0 0 0 0.06 0.53 0.0019 0.07 0.311

Ce 21.94 41.65 94 38 199.00 629 7.7 25.50 60.1 17 65.5 188 21.83 58.30 262 11.29 25.10 37.6

Pr 0.035 0.12 0.69 0.042 0.32 2.4 0.0051 0.05 0.276 0 0.0 2 0.022 0.18 0.73 0.052 0.15 0.39

Nd 0.76 2.15 10.2 0.74 4.51 32.6 0.29 0.99 5.71 1 2.5 23 0.75 3.47 12 0.52 2.52 6.83

Sm 2.43 5.46 15.6 1.29 8.06 43.3 0.29 2.26 11.1 2 6.0 30 1.28 6.10 26.9 1.77 5.31 13.14

Eu 0.77 1.77 5.6 0.66 2.90 14.6 0.203 0.74 3.77 1 2.0 9 0.61 2.26 7.33 0.375 1.47 5.45

Gd 12.3 29.20 73.5 8.8 43.90 181 2.64 11.40 49.5 11 33.5 114 8.42 38.00 151.1 13.7 39.50 69.5

Tb 4.23 10.09 36.1 3.75 14.40 55.6 1.14 4.07 14.9 4 12.5 38 3.28 13.68 54 5.71 14.32 23.73

Dy 53.7 125.20 541 46 183.00 632 14.9 49.95 163 59 159.0 431 43.1 168.90 648 74.8 185.00 280.3

Ho 20.7 49.00 221 18.8 72.70 231 6.96 21.90 60.7 25 62.5 162 18.75 66.00 246.6 31 74.10 108.9

Er 96.6 232.25 1040 92 332.00 1030 38.8 112.10 294 120 301.5 718 100 312.00 1073 151.4 346.00 482.8

Yb 196.9 475.15 2170 218 765.00 2280 114 290.50 676 271 632.5 1271 260 675.00 1910 322 701.00 937

Mon 42.6 99.40 399 52.1 162.00 468 29 69.10 150 59 137.0 255 62.4 148.70 361 68.2 144.10 193.9

Hf 8692 10 135.00 14 630 7090 8850.00 13 800 8500 11 100.00 13 300 6228 7974.5 10 036 8110 9790.00 11 800 7333 9580.00 11 450

Pb 5.9 14.69 75.25 13.975 51.25 102.5 2 8.95 27.75 1.75 5.3 33.5 2.095 8.04 20.05 1.0275 2.57 3.48

Th 163.2 324.50 960 511 2790.00 10330 62 188.00 705 66 257.5 858 71.1 284.40 1000 19.9 70.10 104

U 183 437.30 2260 404 1510.00 3180 56.5 272.00 844 53 157.5 1021 62.8 261.20 630 31.8 77.00 100.1

Eu/Eu* 0.14 0.47 0.57 0.38 0.49 0.62 0.30 0.48 0.71 0.17 0.43 0.65 0.28 0.47 0.61 0.17 0.29 0.55
Ce/Ce* 12.6 115.89 610.9 40.5 176.91 471.0 22.9 95.00 498.4 12.5 118.78 321.4 10.7 80.35 713.3 13.9 59.01 172.1

10 000*(Eu/Eu*)/Y 0.33 3.24 8.32 0.7 1.95 8.4 2.09 6.79 30.57 0.64 2.14 8.81 0.45 1.96 9.15 0.72 1.31 2.48
(Ce/Nd)/Y 0.002 0.016 0.063 0.002 0.017 0.078 0.003 0.03 0.154 0.001 0.012 0.043 0.002 0.008 0.043 0.001 0.005 0.023

Dy/Yb 0.21 0.27 0.36 0.13 0.26 0.34 0.13 0.19 0.37 0.21 0.26 0.39 0.17 0.25 0.35 0.22 0.26 0.31

bdl: �below detection limit.
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Mogotes Batholith, the Rionegro Monzogranite, the La Corco-
va Monzogranite and most of the zircons from the San Joaquín 
rhyolite and the Alto Los Cacaos rhyolites exhibit values grea-

ter than 0.3, which suggests that there was no early amphibole 
fractionation, and from this criterion, they would derive from 
infertile magmas.

Figure 2. �REE patterns of zircons with ages between the late Triassic and the early Jurassic
�Normalization values are those of the chondrites presented in Sun and McDonough (1989). Dashed lines correspond to the standards enriched in LREEs. Source 
of the ages presented in Table 1.
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Figure 3. �Chemical composition of the zircons of Triassic-Jurassic units of the Santander Massif presented in diagrams from Lu et al. (2016), which are used to 
discriminate potential fertility in Cu ±Mo±Au deposits
�a) Plot of zircon Eu/Eu* vs. (Ce/Nd)/Y from equigranular rocks; b) plot of zircon Eu/Eu* vs. (Ce/Nd)/Y from porphyry rocks; c) plot of zircon 10 000* (Eu/Eu*)/Y 
vs. (Ce/Nd)/Y from equigranular rocks; d) plot of zircon 10 000* (Eu/Eu*)/Y vs. (Ce/Nd)/Y from porphyry rocks; e) plot of zircon Eu/Eu* vs. Dy/Yb from equi-
granular rocks; f) plot of zircon Eu/Eu* vs. Dy/Yb from porphyry rocks.
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Lu et al. (2016) found that the Ce/Nd ratios in zircon over-
lap between fertile and infertile suites within the range ~3-~13, 
suggesting that this relationship may not be a good proxy of the 
oxidation state of the melt. To obtain another approximation of 
the oxidation state of the studied samples, the Ce anomaly was 
calculated as explained in the methods section (Table 2, Figure 
4). Qualitatively, the source magmas of the San Joaquín and 
Alto Los Cacaos rhyolites and the San Martín Tonalite were the 
least oxidized. The intermediate oxidation magmas generated 
the rocks of the Intrusive-Extrusive Igneous Complex, the Pá-
ramo Rico Tonalite and Granodiorite, a sample of the Mogo-
tes Batholith (MIA-636), and the Santa Bárbara and Rionegro 
monzogranites. Lastly, the most oxidized were the source mag-
mas of the three samples of the Mogotes Batholith (MIA-638, 
TCR-376, and AMC-0144) and the diorite of the La Corcova 
Monzogranite (MIA-630B).

The relative degrees of fractionation and hydration of the 
magmas, indicated by the Eu anomaly (Table 2, Figure 4) can be 

interpreted as follows: San Martín Tonalite represents the most 
fractionated and least hydrated magma followed, in order of de-
creasing degree of fractionation and increasing of hydration, by 
sample MIA-638 from the Mogotes Batholith and the other sam-
ples, which are grouped with lower degrees of fractionation and 
higher degrees of hydration. The relatively less fractionated and 
more hydrated magma was that from La Corcova.

6. �Discussion

6.1. Metallogenetic fertility potential of the Triassic-
Jurassic magmatism of the Santander Massif

The REE patterns with pronounced positive Ce and slight ne-
gative Eu anomalies in almost all samples (Figure 2), except in 
TCR-395, could suggest that they crystallized in oxidized mag-
matic systems, where there was suppression of the previous pla-
gioclase crystallization, which are systems with greater fertility 
potential for porphyry-type copper mineralizations (Ballard et 

Figure 4. �Zircon Ce/Ce* vs. Eu/Eu* plot
�Small symbols and light colors correspond to all the zircons of the respective samples. Larger symbols and stronger colors represent the medians of the Eu and Ce 
anomalies for each of the samples tested. Source: adapted from Gardiner et al. (2017).
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al., 2002; Richards et al., 2012; Chelle-Michou et al., 2014; Di-
lles et al., 2015; Lu et al., 2016). However, this characteristic of 
the Eu anomaly in some samples may also be due to the prior 
or co-crystallization of titanite with zircon (Loader et al., 2017). 
The samples in which this process could occur are those From 
La Corcova Monzogranite (MIA-630B), Páramo Rico Tonalite 
and Granodiorite, the Rionegro Monzogranite (JGB-462) and 
the Intrusive-Extrusive Igneous Complex (GR-6743) because 
they contain modal titanite (see Table 1). However, if the negati-
ve Eu anomaly was made less pronounced by the crystallization 
of titanite, the presence of this mineral is also an indicator of 
potential Cu porphyry fertility (Loader et al., 2017).

Of the samples from the Mogotes Batholith, TCR-376 and 
AMC-0144 have the highest Eu/Eu* and 10 000* (Eu/Eu*)/Y 
ratios (Table 2, Figures 3a, 3c), indicating high contents of 
magmatic water; therefore, they would be more hydrated and 
have less magmatic fractionation than the MIA-636 and MIA-
638 samples (Figure 4). According to the 10 000* (Eu/Eu*)/Y 
ratio, there was greater early amphibole fractionation in sam-
ple AMC-0144, later fractionation in samples TCR-376 and 
MIA-636, and minimal early amphibole fractionation in MIA-
638. These results are similar to those obtained by the Dy/Yb 
ratio (Table 2, Figure 3e), which, similar to the previous results, 
reflects the early fractionation of amphibole. Of the four sam-
ples, the most fractionated and least hydrated is MIA-638 (Fi-
gure 4). Regarding the oxidation state based on the ratio (Ce/
Nd)/Y, samples AMC-0144 and TCR-736 show values greater 
than 0.01, that is, oxidized, while MIA-638 and MIA-636 have 
values equal to 0.01. Additionally, according to the Ce/Ce* ra-
tio, MIA-636 is less oxidized, and the other three have simi-
lar oxidation states (Table 2; Figures 3a, 3c, 4). The samples 
TCR-376 and AMC-0144 have higher fertility potential for the 
porphyry-type Cu (±Mo±Au) deposits within the Mogotes Ba-
tholith because they are more hydrated and oxidized and have 
less magmatic fractionation than the other two.

The samples from the San Joaquín (GR-6729) Rhyolite, 
Alto Los Cacaos Rhyolites (AMC-0145), and Santa Bárbara 
Monzogranite (AMC-0127) show similar degrees of hydration 
and fractionation according to the Eu/Eu* and 10 000* (Eu/
Eu*)/Y values (Table 2; Figures 3 b, 3d, 4). When considering 
the Dy/Yb ratio, there was early amphibole fractionation in the 
AMC-0127 sample (Figure 3f). This sample, according to the 
relationships (Ce/Nd)/Y and Ce/Ce* (Table 2; Figures 3b, 3d, 
4), also exhibits a higher oxidation state compared to the other 
two. In this subset of samples, AMC-0127 has the highest ferti-

lity potential for Cu (±Mo±Au) porphyry-type deposits, main-
ly due to its higher oxidation state.

Samples from La Corcova Monzogranite (MIA-630B), Pá-
ramo Rico Tonalite and Granodiorite (TCR-363), Rionegro 
Monzogranite (JGB-462), and Intrusive-Extrusive Igneous 
Complex (GR-6743) show relatively similar hydration states, 
according to the Eu/Eu* ratio, being higher in MIA-630B, fo-
llowed by TCR-363, GR-6743, and JGB-462. Early amphibole 
fractionation was significant in sample TCR-363 for its com-
paratively higher values of the 10 000*(Eu/Eu*)/Y and Dy/Yb 
ratios. Starting from the Ce/Ce* ratio in decreasing order of 
oxidation state were: MIA-630B, JGB-462, TCR-363, and GR-
6743; while according to the (Ce/Nd)/Y ratio, the decreasing 
order varies as follows: TCR-363, MIA-630B, JGB-462, and 
GR-6743. Samples MIA-630B, TCR-363, and GR-6743 are less 
fractionated than JGB-462. Of this group, the two with the hi-
ghest fertility potential for porphyry-type Cu (±Mo ±Au) de-
posits are MIA-630B and TCR-363.

In the case of the San Martín Tonalite, the ratio Eu/Eu* 
would indicate that it is less hydrated than the other samples 
analyzed (Table 2; Figures 3a, 4). The values of the 10 000* (Eu/
Eu*)/Y (> 1) and Dy/Yb (<0.3) ratios (Figures 3c, 3d) are con-
sistent with amphibole fractionation, but this process did not 
occur simultaneous with suppression of the plagioclase crysta-
llization. According to the zircon Eu anomaly (<0.3), this sam-
ple presents a higher degree of magmatic fractionation (Figure 
4), possibly because crystallization occurred, as well as an early 
accumulation of plagioclase (as indicated by a positive Eu ano-
maly in the REE pattern for the total rock (Rodríguez et al., 
2020e)). These processes could have impoverished in Eu the 
melt from which the zircon subsequently crystallized. Of all 
the samples analyzed, this exhibits the lowest degree of hydra-
tion and a low oxidation state, and, although comparable with 
that of the samples from San Joaquín and Alto Los Cacaos, the 
highest degree of magmatic fractionation; therefore, it does not 
offer a high fertility potential for porphyry-type Cu (±Mo±Au) 
deposits.

By integrating the information of the Ce and Eu anoma-
lies within the normalized REE patterns and in the diagram 
proposed by Gardiner et al. (2017) and the fertility indicators 
proposed by Lu et al. (2016) (Table 2; Figures 2, 3 and 4), it is 
possible to interpret that, with the exception of the San Martín 
Tonalite, the studied samples from the Santander Massif show 
a variable metallogenic fertility potential for metals from por-
phyry-type Cu (±Mo±Au) deposits. This potential is greater 
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in the samples that represent more hydrated magmas, where 
suppression of the previous plagioclase crystallization and ear-
ly amphibole fractionation possibly occurred. Furthermore, 
these samples represent more oxidized magmas and with little 
fractionation magmatic.

According to the results obtained (Table 2; Figures 3, 4), a 
relative metallogenetic fertility potential is proposed for Cu(±-
Mo±Au) mineralizations. The dioritic facies of the La Corcova 
Monzogranite and the Páramo Rico Tonalite and Granodiorite 
exhibit the highest fertility potential. They follow, in decrea-
sing order of fertility potential, those of the Mogotes Batho-
lith (inside this unit, there are variable hydration and oxida-
tion and, consequently, fertility characteristics), the Rionegro 
Monzogranite, the Intrusive-Extrusive Igneous Complex and 
a minor body within the Santa Bárbara Monzogranite. Due to 
the redox state, the samples from the San Joaquín Rhyolite and 
Alto Los Cacaos Rhyolites would not be very fertile, while the 
tonalite from San Martín would be less fertile or infertile.

Units that are not very fertile or infertile in terms of Cu 
(±Mo±Au) mineralizations could be fertile for other types of 
mineralizations, such as for W or Sn. Analysis of this potential 
requires information from additional trace elements within the 
zircon, which are not available for the samples studied.

The potential of metallogenetic fertility for porphyry-type 
Cu (±Mo±Au) deposits from the investigated units opens the 
possibility of delimiting areas for future exploration, which 
could verify the occurrence of these mineral deposits. Howe-
ver, it is important to note that the fertility potential does not 
determine whether these mineralizations exist or have existed. 
It is probable that they are not yet exposed, that they have been 
eroded or that, due to other tectono-magmatic factors, such as 
those mentioned in the section “Background on metallogene-
tic fertility potential of magma”, the mineralizations would not 
have been developed.

7. �Conclusions

According to the chemical composition of the zircons from va-
rious Triassic-Jurassic magmatic units of the Santander Massif, 
it is possible to conclude that a large part of this magmatism 
exhibits metallogenic fertility potential for porphyry-type Cu 
(±Mo±Au) deposits.

The combination of variables such as degrees of hydration 
and fractionation and redox state perhaps gave a different me-
tallogenic fertility potential for each magmatic source. The 

rocks with fertility potential derived from magmas that were 
hydrated, oxidized, and underwent relatively little magmatic 
fractionation. The degree of hydration perhaps allowed for ear-
ly amphibole fractionation and late plagioclase fractionation.

According to the results, and in a relative way, the bodies 
with the highest fertility potential for Cu (±Mo±Au) minera-
lizations correspond to the dioritic facies of La Corcova and 
the tonalite and granodiorite unit of Páramo Rico. The Mo-
gotes batholith has a variable potential between intermediate 
and low. The units that exhibit intermediate potential are the 
intrusive-extrusive igneous complex, and the monzogranite of 
Rionegro and Santa Bárbara. The units of San Joaquín rhyolite 
and the Alto Los Cacaos rhyolites exhibit low potential. The 
San Martín tonalite is the unit with the lowest fertility potential 
for Cu (±Mo±Au) mineralization.

The analysis of the fertility potential carried out in this study 
allows us to define bodies and regions as exploration targets. 
Metallogenic fertility potential in Cu(±Mo±Au) deposits could 
be contrasted and verified by detailed exploration methods.
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