Journal of Iberian Geology (2022) 48:461-486
https://doi.org/10.1007/s41513-022-00201-7

RESEARCH PAPER q

Check for
updates

Petrogenesis and geodynamic implications of Oligocene A-type
granite in the Guadalcazar area, San Luis Potosi, central Mexico

Sanjeet K. Verma'® - Dario Torres-Sanchez? - Diego A. de Le6n Hernandez' - Elson P. Oliveira® -
Karla R. Hernandez-Martinez' - Sonia A. Torres-Sanchez* - José R. Torres Hernandez® - Juan A. Moreno® -
Mayank Shukla' - Vivek P. Malviya’

Received: 21 April 2022 / Accepted: 8 November 2022 / Published online: 28 November 2022
© The Author(s), under exclusive licence to Universidad Complutense de Madrid 2022

Abstract

The Guadalcazar is located in the Mesa Central (MC) province, which is mainly composed of granitic rocks and is known
for its metallogenetic. The granitic rocks contain complex Sn-Hg-Ag-F mineralization and were emplaced during Eocene to
Oligocene. However, the source, origin, and evolution of magma and the tectonic setting of this magmatic area have never
been explained. In this study, we have conducted petrology, whole-rock geochemistry, and U-Pb zircon geochronology on
granitic rocks from the Guadalcazar to constrain the petrogenesis and tectonic environment. LA-ICP-SF-MS zircon U-Pb
dating shows that the Guadalcazar granite was emplaced ca. 31 Ma. These rocks are characterized by high (SiO,) contents
(64-75 wt%), low CaO (0.28-1.78 wt%), with relatively high (FeO‘)adj/(FeOt+ MgO) values ranging from 0.90 to 0.98. The
geochemical diagrams of SiO, vs [(FeO")/(FeO'+MgO)] and SiO, vs [(Na,O + K,0) — CaO] show the ferroan and mostly
alkali-calcic nature of these rocks. The granite shows an A,-type affinity and is strongly peraluminous, with ASI (molar
Al,0,/[Ca0 + Na,0 + K,0]) values of 1.13 to 2.60. These granitic rocks are characterized by enrichments in rare earth ele-
ments (REE) and high field strength elements (HFSE), and depletion in Ba, Nb, Sr, Ti, and Eu. These features suggest that
these A-type granites were derived from the metasedimentary rocks and evolved through extensive fractional crystallization.
The multidimensional discrimination diagrams showed a continental rift or within-plate setting. By combining previous and
new data, we proposed a new magmatic evolution model that supports an extension during ca. 34—28 Ma in the Guadalcazar,
central Mexico.
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Resumen

La regién de Guadalcazar situada en la provincia de Mesa Central (MC), esta formada principalmente por rocas graniticas y
es conocida por su importancia metalogenética. Las rocas graniticas presentan mineralizaciones de Sn-Hg-Ag-F y se emp-
lazaron durante el Eoceno-Oligoceno. Sin embargo, la fuente, origen y evolucién de estos magmas, asi como el contexto
tectonico de esta regién magmatica nunca han sido explicados. En este trabajo se han realizado estudios petrograficos, de
geoquimica de roca total y geocronologia de U-Pb en circon en rocas graniticas de Guadalcazar con el fin de entender su
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petrogénesis y el ambiente tectdnico. La datacidén por U-Pb en circon mediante LA-ICP-SF-MS indica que el granito Gua-
dalcazar se emplaz hace ca. 31 Ma. Estas rocas se caracterizan por presentar altos contenidos de SiO, (64-75 % en peso),
bajos contenidos de CaO (0.28-1.78 % en peso), y valores elevados de la razén (FeO‘)adj/(FeO‘+MgO) que varian entre 0.90
y 0.98. Las rocas estudiadas presentan un caracter ferroso y una naturaleza principalmente alcali-célcica en los diagramas
Si0, vs [(FeOY/(FeO'+Mg0)] y SiO, vs [(Na,0+K,0)—CaO]. Este granito muestra afinidad de tipo A, y es fuertemente
peraluminoso con valores del indice saturacion en alimina (ISA = Al,05/[CaO + Na,O + K,O] en moles) que varian entre
1.13 y 2.6. Estos granitos se caracterizan por un enriquecimiento en tierras raras (REE) y en elementos de alto potencial
i6nico (HFSE) y empobrecimiento en Ba, Nb, Sr, Ti y Eu. Estas caracteristicas sugieren que estos granitos de tipo A derivan
de rocas metasedimentarias y evolucionaron por una extensa cristalizacion fraccionada. Los diagramas de discriminacién
multidimensional indican un contexto de rift continental o intraplaca. Combinando datos nuevos y previos, se propone un
nuevo modelo magmaético que sugiere/apoya un ambiente extensional hace ca. 34-28 Ma en la zona de Guadalcazar, region

central de México.

Palabras clave Geoquimica - Granito - Petrogénesis - Guadalcazar - México

1 Introduction

Granitic rocks are the main components of continental crust
and are widely evolved as the end-products of growth of the
Earth’s continental crust (Castro, 2014; Kemp & Hawkes-
worth, 2003). During continental crust development, the
granitic rocks display great diversity in their origin, source,
evolution, and geodynamic environments of formation (Bar-
barin, 1999). Determining the origin and emplacement of
the granitic rocks are thus crucial for understanding con-
tinental crustal growth and crustal evolution (e.g., Moreno
et al., 2014, 2017; Singh et al., 2019, 2021; Verma, et al.,
2016). In central Mexico, the Mesa Central (MC) province is
situated. The MC has been described as an elevated plateau
that covers the central-northern Mexico part and is mainly
bounded by the Sierra Madre Oriental (SMOr) and the
Sierra Madre Occidental (SMOc) (Fig. 1; Nieto-Samaniego
et al., 2007; Torres-Sanchez et al., 2019, 2020). In the MC,
the granitic rocks mainly exist in the four localities (1) Sierra
de Catorce (2) Sierra del Fraile (3) Peiién Blanco, which
are located in the central west of MC (Pinto-Linares et al.
2008; Mascuiiano et al., 2013; Huerta-Gonzalez, 2017; Sies-
gesmund et al., 2018; Silva-Romo, 1996; Nieto-Samaniego
et al., 2005, 2020; Aranda-Gémez et al., 2007; Tristan-
Gonzalez et al., 2015; Cuéllar-Cardenas et al., 2012), and
(4) the Guadalcazar Granite at the central-eastern portion of
the MC (Chryssoulis & Wilkinson, 1983; Tuta et al., 1988;
Torres-Jurado, 2019, Diaz-Bravo et al., 2022). Several stud-
ies have been performed on the characterization and origin
of the Sierra de Catorce, Sierra del Fraile, and Pefiéon Blanco
(Cuéllar-Cardenas et al., 2012; Siesgesmund et al., 2018;
Diaz-Bravo et al., 2022) that play an important role to under-
stand the formation of Mexican crust and its mineralization.
However, such studies from the Guadalcazar granites are
still not constrained, which holds clues on the composition
and classification of these granites that allow inferences on
their origin and related tectonic environment. In this sense,
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geochemical studies and petrogenetic interpretations can be
important tools to understand the whole scenario. Therefore,
here we present new major and trace element geochemical
data, including the rare-earth elements (REE), as well as
new U—Pb zircon dating to discuss the origin, source, evolu-
tion, and tectonic implications of the Guadalcazar granites.

2 Geological background

The southern region of the MC is mainly composed of wide-
spread Cenozoic fault systems such as: (a) the NW-SE trend-
ing El Bajio (EB) in the south; (b) the Taxco-San Miguel
de Allende (TSM) in the west; and (c) the San Luis-Tepe-
huanes (SLT) extending within the MC (Nieto-Samaniego
et al., 2007). In addition, the MC is divided into two main
regions: (i) the northern region, which is characterized by
advanced stages of erosion, alluvial-lacustrine basin devel-
opment and a few magmatic rocks of Cenozoic ages; (ii) the
southern region, which is covered by Paleogene—Neogene
volcanic rocks and cross-cut by several normal faults (Fig. 1;
Nieto-Samaniego et al., 2007; Torres-Sanchez et al., 2019,
2020). Due to the fault systems, the volcanic activities in
the MC were generated in an extensional setting (Torres-
Sanchez et al., 2020). This region is also underpinned by
a Mesozoic basement comprising marine calcareous rocks
of the SMOr, and volcanic-flysch sequences of the Sierra
de Guanajuato Complex (Centeno-Garcia, 2017; Orozco-
Esquivel et al., 2002). The plutonic bodies exist in the MC
are characterized by porphyritic stocks, dykes and extensive
sub-volcanic rocks. Their ages range from the Late Creta-
ceous to early Oligocene. The MC shows similar ages to
plutonic rocks of the SMOr that range from 83 to 32 Ma
(U-Pb) and from 88 to 32 Ma (K—Ar) (Castro-Reino 2004;
Velasco-Tapia et al., 2011; Gonzalez-Guzman 2012). During
the Late Cretaceous-Paleogene, a less amount of post-Lara-
mide granites bodies emplaced within the southern region of
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Fig.1 a Present-day regional tectonic map of Mexico with subdivi-
sions of the main physiographic provinces (modified after Nieto-Sam-
aniego et al., 2007; Verma et al., 2020); b Simplified geological map

the MC (Angeles-Moreno et al., 2017) that extended along
the Pacific margin and extensional magmatism of the SMOc,
which know as a silicic large igneous province of the late
Eocene-early Miocene. The MC overlaps temporarily two
magmatic events of SMOc such as (1) the origin of interme-
diate rocks by extensional magmatism and growth of various
plutons during the Eocene (50-40 Ma; Ferrari et al., 2018)
and (2) ignimbrite magmatism flare-up of the SMOc during
Eocene to Oligocene (38—28 Ma; Ferrari et al., 2018).

The Guadalcazar granite is located within the central
zone of the MC (Figs. 1 and 2a, b) 90 km northeast of the
San Luis Potosi. The mountain corresponds to the Valles-
San Luis Potosi Platform, which began to form at the end
of the Paleozoic, and was later exposed to the sedimentary
rocks (Aranda-Goémez et al., 2000). The sedimentary rocks
were folded and deformed during the Late Cretaceous to the
middle Eocene. During the deformation of the sedimentary
rocks, several plutonic bodies were emplaced, having the
composition of felsic to intermediate rocks. The Guadalcazar
granite is part of the plutonic rocks (Aranda-G6émez et al.,
2000; Salas, 1975). The granite is mainly characterized by
a porphyry stock, which is roughly circular in outcrop with
a diameter of 2-3 km (Chryssoulis & Wilkinson, 1983; Tuta
et al., 1988). The granite body displays an intrusive contact
with platform carbonates and sandstone-limestone sequences
(Guaxcama, El Abra, and Cardenas Formation; Fig. 3) on
all sides with an exception to the northeast contact, where
alluvium deposits cover the granite (Chryssoulis & Wilkin-
son, 1983; Foshag & Fries, 1942). Numerous hydrothermal
alterations and mineralization (mercury, silver, and tin)
exist along the contact of the Guadalcazar intrusive body
(Chryssoulis & Rankin, 1988). Fries and Schmitter (1948);
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of the MC province (modified after Nieto-Samaniego et al., 2007).
MC Mesa Central, SMOc Sierra Madre Occidental, SMOr Sierra
Madre Oriental, MVB Mexican Volcanic Belt

Chryssoulis and Wilkinson (1983); Chryssoulis and Rankin
(1988) proposed a series of decrepitating experiments on
fluid inclusion in quartz from the Guadalcazar granite to
understand metallogeny. Aranda-Gémez et al. (2000) have
discussed the structural and morphological features, which
are mainly related to the modification of Laramide Orog-
eny fold system that affects the northeastern-central part
of Mexico including the Valles-San Luis Potosi. Other
workers (Chryssoulis & Rankin, 1988; Tuta et al., 1988)
reported Ar—Ar and K—-Ar ages of (28.6-28.3 Ma) and
(34.7-30.7 Ma) respectively, for the Guadalcazar granite and
suggesting (Silver, Lead, Zinc, and Tin) hydrothermal min-
eralization. Recently, Diaz-Bravo et al. (2022) provided an
additional 23*U/*%Pb age of 31.45+0.17 Ma for one gran-
ite. In addition, the Guadalcazar granite intrusive body cuts
a thick calcareous breccia (EI Realejo Formation; Fig. 3)
and deposits of conglomerate with breccia clast (El Muerto
Formation; Fig. 3). Aranda-G6émez et al. (2000) reported
that the Guadalcazar granite displays fold axes of the host
rock that follow a regional trend of ~320° and their traces
are relatively straight. Towards the center of the Guadalcazar
the fold axes from host rocks become concave near the mid-
Tertiary stock and collapse breccia (Aranda-Gémez et al.,
2000).

3 Sampling and analytical methods

A total of 25 fresh samples were collected through the whole
plutonic body. Alteration areas, deformation and veins were
avoided during sampling, and only fresh samples were
used for geochemical analysis. Sampling coordinates are
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presented in Tables 1 and 2. The modal composition of 5
samples was determined by point-counting on a thin sec-
tion using a Leica petrographic microscope and a PELCON
Automatic point counter. In order to obtain a representative
mode, approximately 1000 points per sample were counted.
The data are reported in Table 1.

The major elements for 25 samples were determined by a
wavelength dispersive X-ray fluorescence (WD-XRF) spec-
trometer Rigaku ZSX Primus II at Institute of Scientific and
Technological Research of San Luis Potosi, IPICYT (San
Luis Potosi, Mexico). Analytical procedures, accuracy and
precision are given by Ruiz-Mendoza et al. (2021), Verma
et al., (2018, 2019). The computer program Major element
Concentration and its Uncertainty from X-ray fluorescence
(MECUX) were used to obtain the concentrations of the
samples. Trace and rare earth elements concentrations were
determined by Inductively Coupled Plasma Mass Spectrom-
etry (ICP-MS) in ACTLABS (Vancouver, Canada) using the
4B2-Std method. The precision (standard deviation) esti-
mates were < 2—-3% for trace elements, and < 1-2% for rare
earth elements (REEs). The analytical precision is based
on geochemical reference material SY-4, BIR-1a, ZW-C,
OREAS 101b, NCS DC86318, USZ 42-2006, and SARM 3.

Geochronological information was determined by select-
ing one representative rock sample (GA-03) for zircon U-Pb
dating. About 5-6 kg sample was crushed with a jaw crusher
and powdered to approximately 300 um using a disc ball
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Table 1 Petrographic information of the Sierra de Guadalcazar plutonic rocks
Sample QAFP diagram classification Lat (N)° Long (W)° Texture Phenocrysts

Qz FIdK  Plg Bt Msc Zr Op
GA-04 Granite 22°39'59" 100° 24’ 58" P 374 48 5.8 7.3 - 0.9 0.6
GA-08 Granite 22°39' 55" 100° 25" 14" P 39 39.6 6.6 10 1.2 0.8 2.7
GA-12 Alkali-feldspar granite 22°39' 46" 100° 25" 18" P 44.9 50 0.3 - 43 0.5 -
GA-16 Alkali-feldspar granite 22°39'26" 100° 25" 31" P 41.7 48.2 34 1.4 0.2 1.1

Modal data are presented in percentage

Texture: P phaneritic, Plg plagioclase, Oz quartz, FIdK potassium feldspar, Bt biotite, Op opaque minerals

mill. Heavy mineral concentrates were obtained by panning
and were subsequently purified using Nd magnets, a Frantz
magnetic separator and methylene iodide; after that obtained
zircon grains were mounted in 1 in. round epoxy mounts resin,
polished using the diamond paste, and cleaned using 10%
v/v HNO; followed by de-ionized water. Zircon grains were
studied by cathodoluminescence imaging (CL) to reveal their
internal structures and to help select optimum spot locations.
Zircon U-Pb dating was obtained using an ICP-MS element
XR (Thermo Scientific) at the IG-UNICAMP, Brazil (for more
detail: see Singh et al., 2019, 2021; Verma et al., 2016). U-Th-
Pb ratios and absolute abundances were determined relative
to the standard zircon 91,500 (Wiedenbeck et al., 1995). Data
were reduced off-line using lolite software (version 2.5) fol-
lowing the method described by Paton et al. (2010). Peixe zir-
con standard (ID-TIMS age of 564 +4 Ma; Dickson & Gehrels,
2003) was used to monitor the quality of the reduction proce-
dures. Data are reported with 2 sigma uncertainties and are
plotted using the software ISOPLOT 3.75 (Ludwig, 2012).

4 Results
4.1 Petrography

The microscopic characteristics and main mineral assem-
blages of the Guadalcazar granite samples are summarized
in Table 1 and Fig. 4a—f. Petrographic classification from
the Guadalcazar samples has been based on the Quartz,
Alkali feldspar, and Plagioclase (QAP) diagram (Le Maitre
et al., 2002). In the QAP diagram the studied samples plot as
alkali-feldspar granites, with the exception of two samples
plot as syenogranites but close to the limit with the alkali-
feldspar granites (Fig. 4a). Samples plotted in the granite
field (Fig. 4a) display medium to coarse grains (Fig. 4b, c).
The main mineral assemblage of the granite samples consists
of phenocrysts of quartz (37-39%; Table 1); euhedral to sub-
hedral phenocrysts of K-feldspar (39-48%) with diameters
ranges of 0.5-1 mm; subhedral phenocryst of plagioclase
(5.8-6%) with diameters of 0.3—0.8 mm (Fig. 4b, c), some of
these crystals display sieved textures. In addition, the granite

samples (GA-04 and GA-08) display subhedral phenocrysts
of biotite (7-10%), and opaque minerals. Furthermore, it can
be observed that biotite in granites samples shows pleochroic
haloes probably of zircon inclusion (sample GA-04; Fig. 4d).

On the other hand, the samples plotted in the alkali-
feldspar granite field (Fig. 4a) display few textures differ-
ence from granite samples. The main difference in texture
between these two kinds of samples is the coarse grains
observed in the alkali feldspar granite samples (GA-12 and
GA-16; Fig. 4e, f). The main mineral assemblage of this
samples are: (i) phenocrysts of quartz (41-44%; Table 1);
(ii) euhedral-subhedral phenocrysts of K-feldspar (48-50%)
with variable diameters of 0.2 to 1 mm; (iii) euhedral to
subhedral phenocrysts of plagioclase (0.3-3.4%) with diam-
eters of 0.2-0.5 mm (Fig. 4e, f); and (iv) biotite (~4%) and
muscovite (1.4-4.3%) crystals with diameters ranges of
0.1-0.3 mm. In contrast, the alkali-feldspar granite samples
have zircons as the main accessory (Table 1) and a scarce
presence of pleochroic haloes.

4.2 Major and trace element concentration

The major element compositions of 25 samples are summa-
rized in Table 2. Fe-oxidation adjustment was obtained by
IgRoCS program (Verma & Rivera-Gémez, 2013) under the
Middlemost (1989) option. The major-element composition
after IgRoCS processing is recognized by the subscript adj
added to each major-oxide name. Based on TAS diagram
(Le Bas et al., 1986; Fig. 5a), the Guadalcazar granitic sam-
ples were divided into three groups: granite, syeno-granite
and granodiorite. The granite samples are characterized
by (Si0,),q; values of 69.10-75.33 wt%, (Al,03),4; of
14.88-21.68 wt%, (Ca0,),q; of 0.28-1.79 wt% and (K,0),q;
of 4.24-6.17 wt% (Table 2). The granite samples display A/
NK and A/CNK ratios values of 1.65-2.99 and 1.49-2.88
respectively, indicating a peraluminous tendency (Fig. 5b).
On the other hand, the syeno-granite samples show Si0,),g;
values of 64.22-68.68 wt%, (Al,03),q; of 18.66-25.70 wt%,
(Ca0,),q; of 0.29-1.18 wt% and (K,0),4; of 5.79-8.17
wt% (Table 2). Similar to the granite samples, the syeno-
granite rocks display a peraluminous trend (Fig. 5b). The
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Table 2 Representative whole rock compositions of granitic rocks from the Guadalcazar intrusive body, San Luis Potosi, Mexico

Sample GA-01 GA-02 GA-03 GA-04 GA-05 GA-06 GA-07 GA-08 GA-09
Rock (TAS) Granite Syeno- Granite Syeno- Syeno- Granite Syeno- Syeno- Syeno-granite
granite granite granite granite granite

Long. (°W)  22°39'56"  22°39'58"  22°39'59"  22°39'59" @ 22°40'01"  22°39'59"  22°39'58"  22°39'55"  22°39'48"
Lat. (°N) 100° 25" 01" 100° 24’ 58"  100° 24’ 58" 100°24'58" 100°24'54" 100°25'01" 100°25'01" 100°25" 14" 100° 25" 18"

Major elements

Sio, 72.158 68.192 69.828 65.257 65.439 68.673 63.84 67.608 65.312
TiO, 0.117 0.145 0.159 0.134 0.172 0.087 0.081 0.139 0.097
AlO4 14.783 18.526 17.174 22.455 22.469 20.35 25.552 20.818 24.346
1363203I 2.397 1.901 2.422 0.801 2.2 1.284 1.033 1.794 1.498
MnO 0.127 0.128 0.101 0.063 0.112 0.046 0.056 0.06 0.058
MgO 0.038 0.039 0.041 0.039 0.039 0.038 0.038 0.038 0.038
CaO 0.922 1.169 1.038 0.816 0.691 0.666 0.355 0.748 0.291
Na,O 3.059 2.545 2.602 1.759 2.325 2.606 2.141 2.328 1.95
K,O 5.893 6.751 6.003 8.126 5.79 5.692 6.354 5.881 5.745
P,04 0.018 0.03 0.02 0.031 0.034 0.022 0.032 0.029 0.012
LOI 0.016 0.085 0.121 0.032 0.213 0.053 0.034 0.069 0.136
Sum 99.53 99.51 99.51 99.51 99.48 99.52 99.52 99.51 99.48
Adjusted value
(510,) g 72.633 68.676 70.376 65.634 66.021 69.105 64.218 68.072 65.810
(TiOy) g 0.118 0.146 0.160 0.135 0.174 0.088 0.081 0.140 0.098
(ALO;y),y;  14.880 18.658 17.309 22.585 22.669 20.478 25.703 20.961 24.532
(Fey03),q;  0.749 0.594 0.757 0.250 0.689 0.401 0.322 0.560 0.468
(Fe0),q 1.497 1.188 1.515 0.500 1.377 0.802 0.645 1.121 0.937
(MnO),q;  0.128 0.129 0.102 0.063 0.113 0.046 0.056 0.060 0.058
(MgO),q;  0.038 0.039 0.041 0.039 0.039 0.038 0.038 0.038 0.038
(Ca0),; 0.928 1.177 1.046 0.821 0.697 0.670 0.357 0.753 0.293
(Na,0),4;  3.079 2.563 2.622 1.769 2.346 2.622 2.154 2.344 1.965
(Ky0) g5 5.932 6.799 6.050 8.173 5.841 5.728 6.392 5.921 5.789
(Py05),q;  0.018 0.030 0.020 0.031 0.034 0.022 0.032 0.029 0.012
Sum 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Q 29.04 24.48 28.77 22.06 27.71 30.01 26.09 29.51 30.99
Or 35.05 40.18 35.75 48.30 34.52 33.85 37.77 34.99 34.21
Ab 26.05 21.69 22.19 14.97 19.85 22.19 18.22 19.83 16.63
An 4.49 5.64 5.06 3.87 3.23 3.18 1.56 3.55 1.38
C 1.75 5.01 4.59 9.41 11.30 8.80 14.67 9.40 14.53
Hy-Mg 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10
Hy-Fe 2.17 1.69 2.08 0.61 1.88 1.08 0.89 1.48 1.28
Mt 1.09 0.86 1.10 0.36 1.00 0.58 0.47 0.81 0.68
il 0.22 0.28 0.30 0.26 0.33 0.17 0.15 0.27 0.19
Ap 0.04 0.07 0.05 0.07 0.08 0.05 0.07 0.07 0.03
Mg# 4.36 5.56 4.64 12.27 4.85 7.83 9.56 5.74 6.79
FeO/Mg O 56.76 43.86 53.15 18.48 50.76 30.40 24.46 42.48 35.47
ASI 1.13 1.37 1.36 1.71 1.99 1.75 2.33 1.81 2.45
A/NK 1.65 1.99 2.00 227 2.77 245 3.01 2.54 3.16
Trace and rare earth elements
Ba 131 352 183 354 249 99 135 298 84
Co 1 1 1 2 2 1 1
Cr 30 20
Cs 31.1 43.6 28.2 19.1 31.6 28.8 29.2 37 345
Ga 37 35 36 27 39 39 43 38 41
Hf 10.6 9.3 114 34 12.2 11.6 10 10.4 8.3
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Table 2 (continued)

Sample GA-01 GA-02 GA-03 GA-04 GA-05 GA-06 GA-07 GA-08 GA-09
Rock (TAS)  Granite Syeno- Granite Syeno- Syeno- Granite Syeno- Syeno- Syeno-granite
granite granite granite granite granite
Long. (°W) 22°39'56"  22°39'58"  22°39'59"  22°39'59" = 22°40'01"  22°39'59"  22°39'58" = 22°39'55"  22°39'48"
Lat. (°N) 100°25'01" 100°24'58" 100°24'58" 100° 24’ 58" 100°24'54" 100°25'01" 100°25'01" 100°25"14" 100°25' 18"
Nb 90 65 85 29 95 99 93 70 73
Pb 34 43 34 15 67 38 38 48 26
Rb 549 455 475 317 476 514 526 458 543
Sb 0.5 0.5 0.9 0.9
Sr 16 39 22 39 35 16 17 40 13
Ta 12.3 9.7 10.8 39 12.9 14.5 13.4 10.3 13.5
Th 61.1 57 63.7 21.8 753 79.8 71.7 64.2 48.9
U 16.3 16.8 21.1 7.6 23.7 32.8 20.5 17.4 10.8
Y 152 111 158 63 143 130 71 87 41
Zn 70 170 100 70 180 70 60 180 100
Zr 263 278 345 108 401 290 247 338 213
La 69 89.5 97.8 39.4 143 65.7 56.7 96.1 50
Ce 145 217 193 79.7 324 146 154 212 183
Pr 19.4 22.6 25.4 9.62 39.8 18.5 15.2 24 12.8
Nd 75.3 84.8 99.8 37.7 145 72.8 56.4 88.1 449
Sm 20.3 18 244 9.1 31.4 18 12.1 18.8 9.4
Eu 0.49 0.83 0.78 0.76 1.52 0.42 0.42 0.88 0.4
Gd 18.4 14.5 222 8.6 21.4 16 9.5 14.1 6.6
Tb 3.6 2.6 4.1 1.6 43 3.1 1.9 2.6 12
Dy 229 16.3 252 10.3 27.1 19.9 12.6 15.6 6.9
Ho 4.6 32 4.8 2 49 4 2.6 3 14
Er 14.2 9.7 14.1 6.3 14.6 12.2 7.8 9.1 4.2
Tm 2.18 1.51 2.17 0.91 2.35 1.92 1.25 1.36 0.65
Yb 15 10.5 14.1 5.8 16.8 13.1 8.7 9 4.5
Lu 2.23 1.61 2.13 0.88 2.56 1.98 1.33 1.4 0.7
TREE 389.70 476.35 504.78 202.37 751.63 373.72 327.90 480.44 319.75
(La/Yb)y 3.13 5.80 4.72 4.62 5.79 3.41 4.44 7.27 7.56
(La/Sm)cy  2.13 3.12 2.51 2.71 2.85 2.29 2.94 3.20 3.33
(Gd/Yb)cxy 0.99 1.12 1.28 1.20 1.03 0.99 0.89 1.27 1.19
(Th/Yb)y  22.60 30.11 25.06 20.85 24.86 33.79 49.54 39.57 60.28
(Y/Nb)y 0.27 0.27 0.30 0.35 0.24 0.21 0.12 0.20 0.09
(La/Nb)y  0.81 1.46 1.22 1.44 1.59 0.70 0.64 1.45 0.72
(Ce/Pb)y  0.38 0.45 0.51 0.48 0.43 0.34 0.36 0.40 0.63
(Ce/Ce*) 095 1.14 0.92 0.96 1.03 1.00 1.25 1.04 1.71
(Eu/Eu*)  0.08 0.15 0.10 0.26 0.17 0.07 0.12 0.16 0.15
(Nb/Nb*)  2.08 0.99 1.39 0.74 1.07 2.48 2.52 1.06 2.37
(Ta/Ta*) 5.26 2.74 3.27 1.84 2.70 6.73 6.71 2.88 8.12
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Table 2 (continued)

Sample GA-10 GA-11 GA-12 GA-13 GA-14 GA-15 GA-16 GA-17 GA-18 GA-19 GA-20

Rock Granodi- Granodi-  Granite Granite Granite Granite Granite Granite Granite Granite Granite

(TAS) orite orite

Long. (°W) 22°39"  22°39' 22° 39’ 22° 39’ 22° 39’ 22° 39’ 22° 39’ 22° 39’ 22°39’ 22° 39’ 22°39' 24"

47" 46" 46" 44" 15" 25" 26" 26" 20" 26"
Lat. (°N) 100°25"  100°25" 100°25" 100°25" 100°25" 100°25" 100°25  100° 100° 100° 25" 100°
18" 18" 18" 15" 29" 27" 31" 25'31" 2526" 32" 25'31"

Major elements
SiO, 64.984 68.353 69.333 69.263 74.877 69.876 72.294 73.618 69.189 74.191 71.711
TiO, 0.171 0.162 0.037 0.145 0.082 0.137 0.126 0.109 0.129 0.093 0.104
AlO4 24.674 20.756 20.178 19.441 15.374 19.674 17.513 15.878 21.475 15.889 18.531
Fe,0;' 1.614 1.876 0.781 1.703 0.37 1.562 1.713 1.891 0.791 1.73 1.434
MnO 0.035 0.053 0.048 0.083 0.029 0.058 0.069 0.088 0.037 0.103 0.066
MgO 0.039 0.039 0.037 0.038 0.036 0.038 0.037 0.038 0.037 0.037 0.037
CaO 0.488 0.549 0.773 0.743 1.776 0.406 0.398 0.609 0.282 0.325 0.37
Na,O 1.991 2.047 2.384 1.859 2.656 2.144 2.304 221 1.992 2.181 2.139
K,O 4.952 5.311 5.773 6.127 4214 5.26 4.921 4.87 5.167 4.801 4.936
P,05 0.018 0.026 0.01 0.034 0.008 0.016 0.008 0.011 0.011 0.008 0.007
LOI 0.44 0.28 0.377 0.068 0.093 0.276 0.117 0.169 0.311 0.134 0.149
Sum 99.41 99.45 99.73 99.50 99.52 99.45 99.50 99.49 99.42 99.49 99.48

Adjusted value
(5i0,),qj  65.742 69.020 69.822 69.738 75.332 70.537 72.830 74.218 69.849 74.760 72.263
(TiOy),q;  0.173 0.164 0.037 0.146 0.082 0.138 0.127 0.110 0.130 0.094 0.105
(ALO3),q 24.962 20.959 20.320 19.574 15.467 19.860 17.643 16.007 21.680 16.011 18.674
(Fey05),q 0.432 0.501 0.244 0.532 0.116 0.489 0.535 0.592 0.248 0.541 0.448
(FeO),q;  1.080 1.253 0.488 1.064 0.231 0.979 1.071 1.183 0.496 1.082 0.897
(MnO),q; 0.035 0.054 0.048 0.084 0.029 0.059 0.070 0.089 0.037 0.104 0.067
(Mg0O),q; 0.039 0.039 0.037 0.038 0.036 0.038 0.037 0.038 0.037 0.037 0.037
(Ca0),q; 0.494 0.554 0.778 0.748 1.787 0.410 0.401 0.614 0.285 0.327 0.373
(Na,0),4; 2.014 2.067 2.401 1.872 2.672 2.164 2.321 2.228 2.011 2.198 2.155
(Ky0),q; 5.010 5.363 5.814 6.169 4.240 5.310 4.957 4910 5.216 4.838 4.974
(P,05),q; 0.018 0.026 0.010 0.034 0.008 0.016 0.008 0.011 0.011 0.008 0.007
Sum 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Q 33.15 34.52 31.58 33.03 39.59 36.16 38.81 40.37 37.30 42.01 39.30
Or 29.61 31.69 34.36 36.46 25.05 31.38 29.30 29.01 30.83 28.59 29.39
Ab 17.04 17.49 20.31 15.84 22.61 18.31 19.64 18.85 17.02 18.60 18.24
An 2.33 2.58 3.80 3.49 8.81 1.93 1.94 2.97 1.34 1.57 1.80
C 15.37 10.81 8.69 8.54 3.25 9.85 7.75 5.94 12.23 6.58 9.08
Hy-Mg 0.10 0.10 0.09 0.10 0.09 0.10 0.09 0.10 0.09 0.09 0.09
Hy-Fe 1.41 1.72 0.72 1.43 0.25 1.27 1.44 1.67 0.56 1.58 1.23
Mt 0.63 0.73 0.35 0.77 0.17 0.71 0.78 0.86 0.36 0.78 0.65
1 0.33 0.31 0.07 0.28 0.16 0.26 0.24 0.21 0.25 0.18 0.20
Ap 0.04 0.06 0.02 0.08 0.02 0.04 0.02 0.03 0.03 0.02 0.02
Mg# 6.11 5.30 11.98 6.02 21.84 6.53 5.84 5.46 11.84 5.79 6.90
FeOY 37.24 43.28 18.99 40.33 9.25 36.99 41.66 44.78 19.24 42.07 34.87

MgO

ASI 2.60 2.06 1.75 1.77 1.27 1.98 1.78 1.59 2.30 1.70 1.95
A/NK 3.55 2.82 2.47 2.43 2.24 2.66 242 2.24 3.00 2.28 2.62

Trace and rare earth elements
Ba 224 294 11 317 69 40 48 50 38 119 33
Co 1 1 1 1 1 1 1 1
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Table 2 (continued)

Sample GA-10 GA-11 GA-12 GA-13 GA-14 GA-15 GA-16 GA-17 GA-18 GA-19 GA-20

Rock Granodi- Granodi-  Granite Granite Granite Granite Granite Granite Granite Granite Granite
(TAS) orite orite
Long. (°W) 22°39"  22°39' 22° 39’ 22° 39’ 22° 39’ 22° 39’ 22° 39’ 22° 39’ 22°39’ 22° 39’ 22°39' 24"
47" 46" 46" 44" 15" 25" 26" 26" 20" 26"
Lat. (°N) 100°25"  100°25" 100°25" 100°25" 100°25" 100°25" 100°25  100° 100° 100° 25" 100°
18" 18" 18" 15" 29" 27" 31" 25'31" 2526" 32" 25'31"
Cr 30 30 20 20 30 20
Cs 16 20.4 30.2 25.9 43 22.8 25.2 19.6 15.1 18.5 16.7
Ga 39 37 59 34 33 37 33 32 38 32 35
Hf 11.9 11.5 23.6 8.9 8.8 8.6 7.6 7.5 8.9 5.5 7.6
Nb 97 93 162 60 75 80 71 63 85 54 72
Pb 50 73 34 27 39 40 47 28 87 37 36
Rb 416 430 866 415 282 444 440 426 441 416 424
Sb 5.3 54 0.8 1.2 2.6 2 1.7 1.9 0.6
Sr 37 39 3 38 92 11 10 11 17 13 12
Ta 11.5 11.3 24.6 7.7 9.8 9.9 9.4 8.2 10.6 7.4 8.2
Th 67.9 67.1 93.5 53.7 50.4 45.6 58 40.4 50.7 28.3 48.9
U 12.8 18.1 13.1 15.2 18.9 7.4 17.4 7.1 14.8 11.3 232
Y 127 159 15 111 108 60 100 150 54 15 83
Zn 220 230 70 100 70 120 130 90 470 70 130
Zr 360 353 419 308 226 225 215 207 241 151 185
La 552.74 915.61 29.54 394.94 64.56 300.84 1042.19  628.69 416.46 124.05 683.54
Ce 515.50 639.48 61.66 314.85 57.26 159.71 182.71 274.06 226.75 104.08 179.45
Pr 355.60 610.99 17.35 254.31 55.82 226.29 647.63 478.45 270.47 80.60 433.19
Nd 271.33 470.46 13.35 188.84 55.80 178.99 448.58 371.99 204.38 56.89 317.29
Sm 27.5 51.6 1.7 19.3 9.6 20.7 43.5 443 20.7 54 30.6
Eu 185.81 348.65 11.49 130.41 64.86 139.86 293.92 299.32 139.86 36.49 206.76
Gd 16.16 50.27 1.78 15.10 3.37 6.39 16.52 11.37 6.75 3.55 9.59
Tb 108.54 182.41 8.04 77.89 57.79 72.86 135.18 162.31 69.35 18.59 103.02
Dy 108.03 177.29 11.08 77.56 66.48 66.48 119.11 149.58 60.94 16.62 91.41
Ho 95.93 141.06 10.57 68.70 65.85 51.63 83.74 118.29 47.97 13.41 70.33
Er 84.25 106.23 10.99 60.44 62.27 40.29 56.78 89.74 36.63 10.99 51.28
Tm 85.00 95.63 13.13 60.63 63.75 36.25 46.88 81.88 33.75 11.88 43.75
Yb 87.45 85.83 17.00 58.70 63.56 33.20 40.49 74.90 31.98 12.15 38.46
Lu 93.17 89.44 21.74 61.49 65.84 32.30 37.89 72.67 32.30 13.04 37.89
TREE 695.53 1017.62  63.59 460.80 132.07 324.77 718.35 647.30 407.47 141.82 529.88
(La/ 5.94 10.26 1.36 6.43 0.98 9.33 27.56 8.67 12.92 9.53 18.07
Yb)en
(La/ 2.98 2.63 2.58 3.04 1.00 2.16 3.56 2.11 2.99 341 3.32
Sm) ey
(Gd/ 1.17 2.04 0.37 1.27 0.88 2.26 3.57 2.24 2.15 1.43 2.72
Yb)en
(Th/Yb)y 25.11 25.85 148.19 30.09 26.38 48.64 52.74 19.15 54.08 74.75 44.47
(Y/Nb)y 0.21 0.27 0.01 0.29 0.23 0.12 0.22 0.38 0.10 0.04 0.18
(La/Nb)y 143 247 0.05 1.65 0.22 0.94 3.68 2.50 1.23 0.58 2.38
(Ce/Pb)y  0.57 0.48 0.10 0.64 0.08 0.22 0.21 0.54 0.14 0.15 0.27
(Ce/Ce*) 1.14 0.84 2.63 0.97 0.95 0.61 0.22 0.50 0.66 1.02 0.32
(Ew/Eu*) 0.11 0.19 0.18 0.15 0.06 0.06 0.08 0.05 0.06 0.13 0.06
(Nb/Nb*) 1.20 0.72 37.93 0.91 6.43 2.01 0.53 0.77 1.57 2.49 0.82
(Ta/Ta*) 2.63 1.61 106.64 2.16 15.55 4.61 1.31 1.87 3.62 6.31 1.74
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Table 2 (continued)

Sample GA-21 GA-22 GA-23 GA-24 GA-25
Rock (TAS) Granite Granite Granite Granite Granodiorite
Long. (°W) 22°39'23" 22°39' 22" 22°39'21" 22°39'20" 22°39'20"
Lat. (°N) 100° 25" 31" 100° 25’ 28" 100° 24’ 27" 100° 25’ 25" 100° 25" 26"
Major elements
SiO, 72.447 71.752 71.355 72.203 68.62
TiO, 0.105 0.094 0.108 0.104 0.103
AlO, 17.726 18.179 18.567 17.767 21.704
Fe,05' 1.484 1.639 1.364 1.374 1.171
MnO 0.058 0.082 0.059 0.069 0.051
MgO 0.037 0.037 0.038 0.037 0.038
CaO 0.492 0.575 0.673 0.59 0.299
Na,O 2.153 2.056 2.263 2.122 2.054
K,O 4.751 4916 4.812 5.106 5.028
P,0; 0.009 0.008 0.007 0.007 0.009
LOI 0.206 0.14 0.217 0.113 0.324
Sum 99.47 99.48 99.46 99.49 99.40
Adjusted value
(810,),q 73.061 72.313 71.965 72.724 69.320
(TiOy)ygj 0.106 0.095 0.109 0.105 0.104
(ALO3) i 17.876 18.321 18.726 17.895 21.925
(Fe,03) i 0.464 0.513 0.427 0.429 0.313
(FeO)yqi 0.929 1.025 0.854 0.859 0.783
(MnO),; 0.058 0.083 0.060 0.069 0.052
(MgO),; 0.037 0.037 0.038 0.037 0.038
(Ca0),q; 0.496 0.579 0.679 0.594 0.302
(N2y0),; 2.171 2.072 2282 2.137 2.075
(K50),; 4.791 4.954 4.853 5.143 5.079
(P,05),qi 0.009 0.008 0.007 0.007 0.009
Sum 100.00 100.00 100.00 100.00 100.00
Q 40.43 39.36 38.10 38.76 36.63
Or 28.31 29.28 28.68 30.39 30.02
Ab 18.37 17.53 19.31 18.09 17.56
An 2.40 2.82 3.32 2.90 1.44
C 8.24 8.52 8.50 7.75 12.49
Hy-Mg 0.09 0.09 0.10 0.09 0.10
Hy-Fe 1.26 1.46 1.15 1.18 1.10
Mt 0.67 0.74 0.62 0.62 0.45
1 0.20 0.18 0.21 0.20 0.20
Ap 0.02 0.02 0.02 0.02 0.02
Mg# 6.68 6.09 7.41 7.18 8.04
FeO'/MgO 36.09 39.86 32.30 33.41 27.73
ASI 1.85 1.87 1.83 1.76 2.32
A/NK 2.57 2.61 2.62 2.46 3.06
Trace and rare earth elements
Ba 40 36 51 95 34
Co 1 1 1 1
Cr 20 20
Cs 32.6 29.3 18.2 17.2 15.8
Ga 34 33 34 32 36
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Table 2 (continued)

Sample GA-21 GA-22 GA-23 GA-24 GA-25

Rock (TAS) Granite Granite Granite Granite Granodiorite

Long. (°W) 22°39'23" 22°39'22" 22°39'21" 22°39'20" 22°39' 20"

Lat. (°N) 100° 25' 31" 100° 25' 28" 100° 24’ 27" 100° 25’ 25" 100° 25' 26"
Hf 7.8 7.7 8.4 6.9 6.5
Nb 67 67 74 60 66
Pb 30 38 54 95 85
Rb 444 452 402 407 433
Sb 0.5 0.7 1.6 1.8 1.7
Sr 16 9 13 13 11
Ta 11 9.4 8.4 7.1 10
Th 47.1 432 46.3 45 522
U 17.1 11.9 14.6 12.7 17.4
Y 116 164 143 144 98
Zn 100 120 200 190 190
Zr 211 192 215 182 169
La 822.78 620.25 376.79 426.16 666.67
Ce 161.66 207.18 205.55 252.85 187.60
Pr 544.18 459.05 298.49 318.97 545.26
Nd 391.68 365.43 247.26 253.83 435.45
Sm 37.9 43.6 31.5 31.7 53.1
Eu 256.08 294.59 212.84 214.19 358.78
Gd 9.95 11.19 7.64 9.41 14.39
Tb 131.16 170.35 131.16 131.66 166.83
Dy 119.11 157.89 130.19 127.42 141.27
Ho 93.90 123.58 106.91 103.25 100.41
Er 71.43 97.07 86.08 82.42 69.60
Tm 61.88 87.50 81.25 78.13 56.88
Yb 53.85 76.92 73.68 72.06 49.39
Lu 52.17 75.16 73.91 72.05 45.34
TREE 617.24 602.54 451.91 496.63 637.26
(La/Yb) N 15.80 8.27 5.11 5.93 14.73
(La/Sm)cy 3.22 2.11 1.78 2.00 1.86
(Gd/Yb)ey 2.52 2.27 1.78 1.83 3.69
(Th/YDb)y 31.10 19.80 21.58 21.52 39.67
(Y/Nb)y 0.28 0.39 0.31 0.38 0.24
(La/Nb)y 3.08 2.32 1.28 1.78 2.53
(Ce/Pb)y 0.30 0.30 0.21 0.15 0.12
(Ce/Ce*) 0.24 0.38 0.61 0.68 0.31
(Ew/Eu*) 0.05 0.05 0.04 0.05 0.05
(Nb/Nb*) 0.64 0.84 1.48 1.03 0.77
(Ta/Ta*) 1.94 2.19 3.12 2.25 2.17

Major elements in weight percent and trace and rare earth elements in ppm
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granodiorite samples display a peraluminous trend (Fig. 5Sb)
with (Si0,),q; values of 65.74-69.32 wt%, (Al,0,),q; of
20.96-24.96 wt%, (Ca0,),q; of 0.30-0.55 wt% and (K,0),q;
of 5.01-5.36 wt% (Table 2). The granodiorite rocks indicate
A/NK and A/CNK ratio values of 2.82-3.55 and 2.62-3.32,
respectively (Fig. 5b).

Trace element and rare earth-element (REE) concentra-
tions are plotted in chondrite-normalized REE and primi-
tive mantle-normalized multi-element diagrams (Fig. 6a—f).
The granite rocks display Ba contents=11-317 ppm,
Rb=282-866 ppm, Sr=3-92 ppm and Zr=151-419 ppm
(Table 2). Chondrite normalized REE diagram (Fig. 6a)
indicates enrichment in light REE (LREEs; [La/
Sm]y=0.99-3.55) and heavy REEs (HREEs), as well, a
strong negative Eu anomaly (Eu/Eu* =0.04-0.18). On the
primitive mantle-normalized multi-element diagram the gra-
nitic samples (Fig. 6b), display enriched patterns in incom-
patible elements with Nb (Nb/Nb* =0.20-37.93), Ta (Ta/
Ta*=0.35-106), and P anomalies (Fig. 6b).

The syeno-granite samples show composition values of
Ba=84-354 ppm, Sr=13-40 ppm, Rb=317-543 ppm and
Zr=108-401 ppm. The chondrite-normalized REE patterns
are (Fig. 6¢) similar to granite samples, display enrichment
in LREEs ([La/Sm]y=2.70-3.32) and HREEs with negative
anomalies of Eu (Euw/Eu* =0.11-0.26). Primitive mantle nor-
malized diagram (Fig. 6d) shows an enriched pattern in incom-
patible elements with anomalies of Nb (Nb/Nb* =0.03-2.51),
Ta (Ta/Ta*=0.04-8.11), and P anomalies (Fig. 6d).

The granodiorite samples display values of
Ba=34-294 ppm, Sr=11-39 ppm, Rb=416-433 ppm
and Zr=169-360 ppm (Table 2). Similarly to the granite
and syeno-granite samples the chondrite-normalized REE
diagram (Fig. 6e) from the granodiorite rocks displays
an enriched LREEs ([La/Sm]y=1.86-2.97) and HREEs
with negative anomalies of Eu (Eu/Eu*=0.05-0.19). The
primitive mantle normalized diagram shows enriched pat-
terns in incompatible elements with anomalies of Nb (Nb/
Nb*=0.16-1.2), Ta (Ta/Ta*=0.21-2.63), and P (Fig. 6f).

4.3 Zircon LA-ICP-MS U-Pb dating

Sample GA-03 was selected for zircon U-Pb geochronol-
ogy. Zircon grains are elongated, optically clear <150 um in
maximum length. Oscillatory concentric zoning is notice-
able on cathodoluminescence images (Fig. 7a). Nine zircons
were analyzed by LA-ICP- SF-MS, and the results are plot-
ted on the concordia diagram (Fig. 7a). Most analyses reveal
Th/U ratios that are between 0.49 and 1.3. The U-Pb dat-
ing values are listed in Table 3. Nine spot analyses yielded
a regression with the lower intercept at 31.70+0.50 Ma
(MSWD =1.7), whereas three of the most concordant grains
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yielded the weighted mean 2°°Pb/>*8U ages of 31.4+2.1 Ma
(MWSD =3.5, probability of fit=0.031; Fig. 7c). We sug-
gest 31.40 Ma as the average calculated age of the granite.

5 Discussion
5.1 Magmatic events

The previous K—Ar, Ar—Ar and U-Pb ages of the Gua-
dalcazar granite have been compiled from the following
references: Chryssoulis and Rankin, (1988; n=1); Tuta
et al., (1988; n=4); and Diaz-Bravo et al. (2022; n=1).
Furthermore, the new U-Pb age data reported in this study
compared to previous published age data show that mag-
matism through the Guadalcazar area has lasted from 34.7
to 28.3 Ma (Fig. 8). Regionally, four magmatic events
have been recorded during the Paleogene between 60 and
23 Ma (Orozco-Esquivel et al., 2002; Nieto Samaniego
et al., 2005). The first is associated with plutonic bodies
of granodioritic and rhyolitic composition (La Tesorera,
Pefion Blanco, San Pedro, Comanja) whereas the second is
associated with andesitic and rhyolitic volcanism between
40 and 36 Ma that interbedded with continental sediments
(Labarthe Hernandez et al., 1982; Orozco-Esquivel et al.,
2002; Nieto Samaniego et al., 2005); the third and most
voluminous magmatism occurred between 34 and 27 Ma,
with prominently rhyolitic composition magmatism with few
and small interbedded mafic and intermediate composition
effusions, which has been (Labarthe Hernandez et al. al,
1982; Rodriguez-Rios & Torres-Aguilera, 2009), finally, the
fourth and last magmatic event occurred between 21 and
19 Ma with the generation of mafic and felsic magmatic
products (Labarthe Hernandez et al., 1982; Torres-Hernin-
dez et al., 2006). These magmatic events have been related
to different extensional regimes, especially, the most volu-
minous magmatism occurred in the region between 34 and
27 Ma, which has been associated with the development
of basins and mountain ranges in Central Mexico (Henry
& Aranda 1992; Labarthe-Hernandez et al., 1982; Orozco-
Esquivel et al., 2002; Nieto Samaniego et al., 2005). The
emplacement of the Guadalcazar intrusive occurred during
34-28 Ma, which suggests that this intrusive body can be
related to the voluminous felsic magmatism occurred during
the late Eocene and Oligocene in the southern region of the
MC under different petrogenetic conditions related to the
style of magmatic processes (Torres-Sénchez et al., 2020;
Tristan-Gonzalez et al., 2009). Nevertheless, the Guadalca-
zar intrusive marks an important area to keep studying in a
petrology view, due to the different style of magmatic evolu-
tion compared to the volcanic products of surrounding areas.
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5.2 Petrogenetic processes
5.2.1 Classification, origin and magma source

The studied granitic rocks display typical features of
A-type magmas, showing high K,O and high Ga/Al, FeO/
(FeO1+MgO) and K,0/(K,0 + Na,O) ratios. Accordingly,
the combined ferroan character and the overall alkali-calcic
to alkalic affinity for most of the samples from Guadalcazar
(Fig. 9a, b; Frost et al., 2001) are consistent with the original,
more restricted, definition of A-type granites firstly proposed
by Loiselle and Wones (1979), later highlighted by Frost and
Frost (2011). Furthermore, this is also supported by enrich-
ment in alkalis, LREE, and HFSE and depletion in CaO and
trace elements, which are compatible with mafic minerals
(Co, Cr) and feldspars (Ba, Sr, Eu) in most samples. How-
ever, the elevated ASI of these rocks (range 1.13-2.6; Fig. 5b
and Table 2) along with the presence of primary muscovite
(up to 4.3 vol%; Table 1) are coherent with a strongly peralu-
minous character typical of S-type granites (e.g., Chappell
& White, 2001). The plutonic rocks that share chemical fea-
tures of A-type and S-type granites have been incrementally
reported in the last decade (Dahlquist et al., 2013, 2014; Gao
et al., 2020; Huang et al., 2011; Morales Camera et al., 2017,
2018, 2020;), for which the term “peraluminous A-type
granites” has been coined. The Guadalcazar granite besides
sharing chemical compositions of A-type and S-type char-
acter indicated high Zr-saturation temperatures (869 + 34
and 848 +45 °C; Boehnke et al., 2013; Watson & Harrison,
1983, respectively; Table 2) more typical of A-type granites
(> 830 °C; King et al., 2001) rather than S-type (<760 °C;
Chappell & White, 2001; Chappell et al., 1998). In addition,
the granitic samples also plot in the field of A-type gran-
ites in the discrimination diagrams of Whalen et al. (1987)

@ Springer

(Fig. 10a—d). Consequently, we decided to classify them as
peraluminous A-type granites, which is also supported by
the Rb/Sr and Zr + Ce + Th values of the studied rocks, being
more typical of peraluminous A-type granites than common
orogenic S-type granites (Fig. 10e).

The origin and diversity of rocks that conform the
A-type granites are still highly debated (e.g., Bonin, 2007,
Dall’Agnol et al., 2012; Frost & Frost, 2011; Gao et al.,
2020; Martin, 2006; Moreno et al., 2014), whose provenance
varies between the mantle and crustal magmatic sources and
metasedimentary sources (e.g., Bonin, 2007; Frost & Frost,
2011; Gao et al., 2020; Morales Camera et al., 2020; Patifio
Douce, 1997). The peraluminous nature of the Guadalcazar
granite shows a crustal origin, which is corroborated by their
A,-type affinity (Eby, 1992; Fig. 11a-b), also supported by
Y/ND ratio values that are mostly higher than 1.4 (Table 2).

Other trace element ratios sensitive to magma sources
have been also explored ((Gd/Yb)y, (Eu/Eu)*, (Th/YD),
(La/Nb) and (Ce/Pb); McDonough & Sun, 1995; Moreno
et al., 2014, 2016; Rudnick & Gao, 2003; Fig. 12a—c) to
constrain the sources of the Guadalcaraz granite. The (Gd/
Yb)y vs (Eu/Eu)* diagram suggests that the intrusive rocks
from the Guadalcaraz probably derived from felsic sources
of the upper continental crust (Fig. 12a). The studied sam-
ples mostly show (La/Nb)y vs (Th/Yb)y and (Ce/Pb)y vs
(Th/Yb)y ratios similar to those of the continental crust
(Fig. 12b, c). All these features are consistent with their
strongly peraluminous character (ASI=1.1-2.6; Fig. 5b and
Table 2) and probable derivation from a continental crust
source. Although it is important to highlight that the (La/
Nb)y ratio is variable with several samples showing simi-
lar values to those of the OIB sources and that most of the
samples also show (Th/Nb)y values higher than those of
typical continental crust sources (Fig. 12b). The variation
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in the La/Nb ratio may be explained by crystal fractionation
of LREE-accessory minerals (Moreno et al., 2014, 2016;
Troll et al., 2003) that depleted the melt in La with respect to
Nb. This agrees well with the trends shown in Fig. 13b. The
high Th/Nb ratios must be related to Th-LREE rich sources
as discussed by Moreno et al. (2017) since segregated liq-
uids from metalunimous and peraluminous sources tend to
have the same or lower Th abundance than the source (Bea,
2012). Therefore, taking into account the strongly peralumi-
nous nature of the Guadalcazar granite and that monazite is
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dalcazar. Values for normalization were taken from McDonough and
Sun (1995). (See Fig. 5 for explanation of symbol legend)

the major Th and LREE carrier in granites and metapelites
(Bea, 1996), the high Th contents of these granites might
be explained by the preferred dissolution of monazite dur-
ing partial melting of monazite-bearing metasedimentary
sources (Stepanov et al., 2012). Similar peraluminous A-type
granite compositions, but with a less marked ferroan charac-
ter, have originated through partial melting of metasedimen-
tary rocks at low pressure (P= <0.8GPa) and high tempera-
ture (T= > 850 °C) under oxidizing conditions (>FMQ+ 1)
(Gao et al., 2020). Accordingly, the Guadalcazar granite
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ered as crystallization age for the Guadalcazar granite

could have formed from a metasedimentary source at similar
conditions but in a reduced environment (Fig. 13).

5.2.2 Fractional crystallization

In the absence of isotopic data, the role of fractional crystal-
lization or partial melting can be best visualized by plotting
the geochemical variables such as the ratios of relatively
immobile elements ((La/Yb) vs La; La vs (La/Sm), and (Zr/
Nb) vs Zr (Fig. 14a—c). These ratios were used to discrimi-
nate the magmatic processes that controlled the evolution
of the Guadalcazar granite. All samples display a compo-
sitional trend mostly consistent with fractional crystalliza-
tion rather than partial melting (Fig. 14a—c). The major and
trace element variations with increasing SiO, content also

@ Springer

indicate fractional crystallization processes (see in Supple-
mentary material Figure Sla—g). Fractional crystallization of
Fe—Ti oxides is reflected in SiO, vs TiO, and Fe,O," (Figure
S1la-b). Furthermore, most major and trace element contents
are linearly correlated with SiO, content, whereas Na,O
and K,O contents are negatively correlated (Figure S1c—d),
which indicates fractional crystallization of alkali feldspar.
A strong negative Eu anomaly is evident in the chondrite-
normalized REE diagrams (Fig. 6a, c, e), suggesting large
amounts of plagioclase in the source region. According to
Clemens et al (1986), alkali feldspar has a lower crystal-
lization temperature than plagioclase that may have formed
throughout the entire interval of magmatic evolution. Such
variation could be seen in Sr and Ba contents with increas-
ing SiO, content, which suggests fractional crystallization of
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alkali feldspar (Figure Sle—f). Zr with SiO, content, which
reflects fractional crystallization of Fe—Ti oxides, zircon, and
apatite (Figure S1g) Therefore, these factors, can suggest
that the fractional crystallization was the main mechanism
in the origin of the granite samples. Nevertheless, several
immobile trace elements based on bivariate diagrams pre-
sented in Fig. 12a—c can suggest an evolved crustal source
in the granitic genesis.

5.3 Tectonic setting
5.3.1 Nb and Ta anomalies

In the primitive-mantle normalized diagram (Fig. 6b, d,
f), the behavior of Nb (a HFSE) with respect to its neigh-
bor elements Ba (a LILE) and La (a light rare-earth ele-
ment—LREE) can be quantified from the following equation
(Verma, 2015):

[Nb/Nb*] _ 2 (Nbsample/NbPM ) ( 1 )
™ (B asample/ (BaPM) + (Lasample/ (LaPM)
« 2 (Tasample/ TaPM )
[Tartac],,, = @

(Basample/ (BaPM) + (Lasample/ (LaPM)

where the element symbols Nb, Ta, Ba, and La refer to the
concentrationof these elements in a sample or normalizing
material; [Nb/Nb*]py, and [Ta/Ta*] py, refer to Nb- and Ta
anomalies. The parameter (Nb/Nb*)pm is generally called
as Nb-anomaly. Any other normalization or calculation
formula (such as geometric mean, instead of the simple
mean) will only change the actual values, but not the con-
clusions. Ta-anomaly [Ta/Ta*]py can be similarly defined
(Verma, 2015). In addition, the Nb- and Ta-anomalies are
more meaningful for discriminating different tectonic set-
tings because such elements are likely to have lesser crustal
assimilation effects that affect the size of these anomalies.
In the present study, we have calculated Nb and Ta anoma-
lies size values for granitic rocks from the Guadalcazar area
following the equations reported by Verma (2015), and the
results are reported in Supplementary Table S1. Further-
more, compared our results to Nb and Ta anomalies value
for basic, intermediate and acid rocks that were compiled
from several tectonic settings worldwide (Verma, 2015).
The calculated Nb and Ta anomalies values for granitic
rocks from the Guadalcazar area were compared with the
Nb and Ta anomalies values of Sierra de San Miguelito Vol-
canic Complex, Mexico (SSMC), Pinos Volcanic Complex,
Mexico (PVC), Mesa Virgen Calerilla, Mexico (MVC), as
well as, anomalies values proposed by Verma (2015) that
are reported in Table S1. Results display that statistically
calculated Nb and Ta anomalies size for the Guadalcazar
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Fig. 11 a A-type granites discrimination diagrams from Eby (1992);
b (Y/Nb)y vs (Th/Yb)y diagram for granites discrimination from
Moreno et al. (2014) for the Guadalcazar granite. Normalization val-

area (0.26+0.01; 0.97 +0.17), which are higher or more-
less similar to San Juan volcanic field (0.22 +0.05), USA,
Lhasa terrane (0.232 +0.024; 0.284 +0.036), Tibet, Eastern
Anatolia (0.50+0.13; 0.680+0.017), Turkey (Table S1).
This finding suggests patterns of both anomalies (Nb and
Ta) that are similar to most rifts and extension-related areas
(Table S1).

5.3.2 Multidimensional tectonic discrimination diagrams

New multi—dimensional discrimination diagrams were used
to infer the tectonic setting, because conventional bivari-
ate and ternary diagrams for tectonic discrimination were
shown to work unsatisfactorily (Verma, 2010). The failure
of the older diagrams is based on the following criteria:
(1) use of limited database to construct them; (ii) the prob-
lem of closed or constant sum compositional variables not
attended in older diagrams; (iii) eye—fitted tectonic field
boundaries in the older diagrams. All these problems have
been discussed in the multidimensional solutions (Verma,
2015, 2017; Verma et al., 2012, 2013). Therefore, in this
work, new immobile major-trace elements based multidi-
mensional discrimination diagrams (Verma et al., 2013) for
felsic rocks have been used to infer the plate tectonic setting
of the Guadalcazar granite. These diagrams are based on
natural logarithm transformed ratios and linear discrimina-
tion analysis (LDA) of chemical data, which make it more
robust compared to conventional bivariate and ternary dia-
grams (Verma, 2020; Verma et al., 2012, 2020, 2021). The
multidimensional discrimination diagrams for the Guadal-
cazar granite samples display a within-plate tectonic setting
(Fig. 15a, b), because samples were plotted in the continental
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rift+ ocean island (CR + OI) field. This finding could be also
consistent with the geological evidence from the area that
is related to the early stages of an extensional regime of the
MC province. In addition, it could be recommended that for
more constraints from this and surrounding plutonic areas
the study of mafic rocks such as volcanic and mafic plutonic
rocks and underlying crust and mantle is required before a
comprehensive petrogenetic and tectonic model could be put
forth. This is mainly considered for future studies.

5.3.3 Geodynamic model

Petrological, geochemical and geochronological observa-
tions reveal that the Guadalcazar granite was emplaced
during the Oligocene (34-28 Ma), at a similar time of the
emplacement of different felsic volcanic lithology around
the San Luis Potosi Volcanic field (~33 to 27 Ma; Aguill6n-
Robles et al., 2014; Torres-Sanchez et al., 2020; Tristan-
Gonzalez et al., 2009). It has been well documented that
an extensional regime prevailed in the southern region of
the MC during the Cenozoic (Aranda-Gémez et al., 2000;
Labarthe-Hernandez & Jiménez-Lopez, 1992; Nieto-Sam-
aniego et al., 1997). At the southern region of the MC, a
variety of felsic volcanic rocks erupted, and this could sup-
port that partial melting of continental crust has occurred
with the combination of different magmatic processes such
as fractional crystallization and assimilation. Therefore,
from the results and petrogenetic evidence derived from the
present work can be inferred that the Guadalcazar granite
was formed by the fractional crystallization of a magma
source that was enriched by continental crust contributions.
Another factor to consider in the magmatism of the southern
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MCC and UCC were taken from Rudnick and Gao (2003). CA Con-

part of the MC is the high content of fluorine, uranium and/
or tin, something that is shown as evidence of significant
crustal contribution to felsic magmatism (Tuta et al., 1988;
Burt et al., 1980; Finch, 1987). Figure 16 presents a sche-
matic illustration of the thermo-magmatic evolution model
of the Guadalcazar granite during the Oligocene in an exten-
sional regime. This magmatism was mainly influenced by an
extension process that induced thinning of the crust to the
west of the Valles-San Luis Potosi platform and isostatic
imbalance in the western part of it (Fig. 16). In addition,
upwelling of the asthenosphere in response to extension
favored the development of basaltic magmatism strongly
interacted with continental crust, leading to its partial
fusion and ultimate emplacement of granites with fluorine
and/or tin mineralization (Fig. 16). Furthermore, Nieto-
Samaniego et al. (1999) have proposed that the mechanism,
which produced the extension and volcanism, was related

tinental Arc, CC Continental Crust, /A Island Arc, LCC Lower Con-
tinental Crust, MCC Middle Continental Crust, OIB Ocean Island
Basalt, Sh shoshonites, Sub subduction-related magmatic suites, UCC
Upper Continental Crust

to a retreating slab that generate a flux of the asthenosphere
into the mantle wedge, which produce widespread melting
at the base of the crust as well as intra-arc extension in the
overriding plate, in this case, in the San Luis Potosi Vol-
canic Field area. As well as, these authors mentioned that
boundary conditions determine the timing, magnitude and
orientation of the extension regime, whereas the magmatism
style is mainly controlled by the internal structure of crustal
blocks and the thermal effects of magmatism (Nieto-Sam-
aniego et al., 1999). Therefore, geochemical interpretation
and petrogenetic evidence derived from this work, it can be
inferred that the Guadalcazar granite was formed by the frac-
tional crystallization of a magma source that was enriched
with contributions of continental crust, and was emplaced
in the core of Laramide anticline structure affected by dif-
ferent tectonic structure styles (i.e., fold structures and fault
systems; Tuta et al., 1988; Burt et al., 1980; Finch, 1987).
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10 D%‘A 6 Conclusion
E, o T Reduced A-type granites . .
0.9 : Based on an integrated study of zircon geochronology
(U-Pb) and whole rock geochemistry for the Guadalcazar
5 N, Oxidized Adype granites granite, following conclusion can be summarized:
Zos
3 1. The Guadalcazar granite was emplaced in Oligocene
:E‘.’, time; U-Pb zircon dating yielded an average calculated
20 age of 31.40 Ma.
Catoatkaline 2. Based on the geochemical data, we classified the Gua-
dalcazar granite as strongly peraluminous A-type gran-
ites.
06 - 3. The Guadalcazar granite is characterized by enriched
0 10 20 30 40

REE and HFSE; depleted Ba, Sr, P, Ti, and Eu anoma-
lies. These A-type granites belong to typical A, type
granites of crustal origin.
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(See Fig. 5 for explanation of symbol legend) the dominant petrogenetic process.
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Fig.14 a La vs (La/Yb); b La vs (La/Sm); ¢ (Zr/Nb) versus Zr diagram illustrating the partial melting and fractionation effects for the origin of
Guadalcazar granite
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Fig. 15 a, b Discriminant—function multidimensional diagrams based
on log—transformed ratios of major and trace elements for tectonic
discrimination of granitic rocks from the Guadalcazar area (Verma

Fig. 16 Schematic thermo-
magmatic model showing the
generation and ascent of the

SW

during the Oligocene

magmas at the Guadalcazar area |_Oligocene volcanism and extension regime

of the San Luis Potosi volcanic field
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5. The Guadalcazar granite originated in an extensional
tectonic setting consistent with the geological and geo-
chemical evidences.
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