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ABSTRACT

We present a modified model for the paleogeographic evolution of Mexico during Early and Late Jurassic time
that is constrained by the tectonic setting and the weathering conditions of the Early Jurassic Huayacocotla
Formation and Late Jurassic Alamitos Sandstone basins in state San Luis Potosi in central Mexico. Framework
petrography constrains feldspato-quartzose sandstone (mean of QggFa22lio) and litho-quartzose (mean of
Q7sFel19) sandstone compositions for the two units, respectively. The abundant lithic fragments are totally
dominated by volcanic fragments. Quartz cathodoluminescence colours and textures from the Alamitos
Sandstone supports a large input of volcanic material, but also indicates the presence of metamorphic quartz.
Similarly, the geochemical composition is more mafic for the Huayacocotla Formation (Th/Sc: 0.6 and Cr/Th:
"10) than for the Alamitos Sandstone (Th/Sc: "1.1 and Cr/Th: "48). Also the weathering conditions were less
intense during the Early (CIA: “60, PIA: "61) than the Late Jurassic (CIA "85, PIA "97). Well preserved lithic
fragments and feldspar grains, particularly in the Huayacocotla Formation, indicate that weathering indeed was
minor for this unit. We interpret the difference between the two units as a combined result of climate change and
tectonic setting. During the Early Jurassic, transport of volcanic detritus probably dominated from the active
Nazas arc in the west. Later, additional sources from the metamorphic basement of Mexico were included.
During Late Jurassic time strike-slip faulting related to the opening of the Gulf of Mexico may have re-directed
the sediment-transport systems. Finally, the degree of weathering was affected by drastic climatic change from
arid to humid tropical conditions during the Middle to Upper Jurassic, possibly related to the first incursions of
Gulf of Mexico marine environments linked to the rotation of the Yucatan block.

1. Introduction

et al., 2008; 2014; 2015; Rubio-Cisneros and Lawton, 2011), and (3)
how the paleo-Pacific and the Atlantic margins of Mexico affected each

Paleogeographical models of the Mexican part of western Pangea
are mainly constructed under three main perspectives: (1) the under-
standing of the geological evolution of the Gulf of Mexico based on the
prospects of energy resources (e.g., Pindell, 1985; Pindell and Kennan,
2009), (2) how the establishment and evolution of an Andean-type
volcanic arc at the paleo-Pacific margin of Mexico was linked to the
opening of the Gulf of Mexico (e.g., Garcia-Diaz, 2004; Barboza-Gudino
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other (e.g., Ocampo-Diaz, 2011; Barboza-Gudino et al., 2015; Martini
and Ortega-Gutiérrez, 2018). Jurassic oblique subduction towards the
east and subsequent roll-back in eastern and central Mexico and rota-
tion of the Yucatan block favored extension. This caused increased
exhumation of basement blocks, local climatic changes, and the for-
mation of strike-slip basins (Fig. 1; Rosaz, 1989; Bassett and Busby,
2005; Ocampo-Diaz, 2011; Loyola, 2015; Centeno-Garcia, 2017). The
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Fig. 1. Jurassic paleogeographic models of Mexico modified from Garcia-Diaz (2004) and Ocampo-Diaz (2011). A): Pliensbachian to Early Toarcian. B): Late
Toarcian and C): Callovian to Oxfordian. Green star: location of the study area. Paleogeographic base after Dercourt et al. (1993). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article).

strike-slip basins were situated in continental and marginal-marine
environments, filling with clastic sediment that derived from the con-
tinental Nazas arc and the metamorphic basement of Mexico (Fig. 1;
Barboza-Gudino et al., 2008; 2014; 2015; Rubio-Cisneros and Lawton,
2011). However, the opening of the Gulf of Mexico basin is not well
documented, partly because several models invoke an inland rift
structure in direct connection with the evolving Pacific margin.

Two alternative tectonic evolution models for Jurassic time have
been suggested: 1) Jurassic magmatism in eastern Mexico in the long-
lived continental Nazas arc, development of a back-arc basin, and ex-
tensional and transtensional continental arc basins. This model also
includes Pacific terranes as allocthonous intraoceanic arcs, and the Gulf
of Mexico as a rift basin related to the opening of the Atlantic Ocean
(Barboza-Gudino et al., 1998, 1999, 2008; 2014; 2015; Ocampo-Diaz,
2011; Ocampo-Diaz and Rubio-Cisneros, 2013; Pena-Alonso et al.,
2018). 2) A more complex parautochthonous model includes accretion
and supra-subduction rifting with the building of a marginal arc that
evolved close to the continent in the paleo-Pacific ocean. Similar to the
allochthonous model, the Nazas arc is in a back-arc position, and the
Gulf of Mexico is a rift basin related to the opening of the Atlantic
Ocean (Elias-Herrera et al., 2000; Centeno-Garcia, 2017;Martini and
Ortega-Gutiérrez, 2018).

The main purpose of this work is to re-evaluate the paleogeographic
evolution of Mexico during Early and Late Jurassic time. We constrain
the tectonic setting of the basin of the siliciclastic Huayacocotla
Formation and Alamitos Sandstone deposits in state San Luis Potosi. We
do this by combining petrography, geochemistry and

cathodoluminescence of quartz for the two units.
2. Geological setting

We here consider the Jurassic tectonic evolution of Mexico fol-
lowing the allochthonous model, because our results indicate that this
model is the most plausible one. According to this model, an Andean-
type subduction zone with the Farallon plate was established along the
paleo-Pacific margin during Early Jurassic time. During the Toarcian
(latest Early Jurassic), the subduction slab migrated from west to east
towards the Yucatan block (Fig. 1; Ocampo-Diaz, 2011). This resulted
in the emplacement of rhyolite, rhyodacite, dacite and andesite of the
Nazas and La Boca formations at ca. 190 —170 Ma, as documented by
magmatic zircon (Fastovsky et al., 2005; Barboza-Gudino et al., 2008;
Rubio-Cisneros and Lawton, 2011; Lawton and Molina-Garza, 2014) on
the Precambrian basement of eastern and northeastern Mexico. A
continental and marginal-marine sedimentary system developed in
intra-arc, back-arc, extensional and transtensional continental arc basin
settings (Fig. 1). The continental La Boca, La Joya, and Todos Santos
formations, as well as the deep-marine siliciclastic Huayacocotla For-
mation were deposited by these systems (Barboza-Gudino et al., 2008,
2014; Venegas-Rodriguez et al., 2009; Godinez-Urban et al., 2011a;
Rubio-Cisneros and Lawton, 2011; Ocampo-Diaz, 2011; Ocampo-Diaz
and Rubio-Cisneros, 2013). The sedimentary system was fed by detritus
from Triassic and older rocks (Venegas-Rodriguez et al., 2009; Godinez-
Urban et al., 2011a; Rubio-Cisneros and Lawton, 2011).

The roll-back of the paleo-Pacific slab of the Farallon plate not only
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Fig. 2. Geological map of the study area west of San José de la Flores (modified from Labarthe et al., 1989). (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article).

triggered the migration of the continental Nazas magmatic arc and the
mantle asthenospheric flow, but also favored crustal thinning of the
overriding Guerrero plate. This caused exhumation of the Early Jurassic
volcanic rocks and older metamorphic basement rocks in an extensional
and transtensional continental arc basin during the Middle Jurassic
(Fig. 1C; Ocampo-Diaz, 2011; Rubio-Cisneros and Lawton, 2011;
Ocampo-Diaz and Rubio-Cisneros, 2013). Meanwhile, the initiation of
western Pangea breakup led to the anticlockwise rotation of the Yu-
catan block on the Atlantic margin side (Pindell, 1985; Dickinson and
Lawton, 2001; Pindell and Kennan, 2009; Godinez-Urban et al., 2011a).
This caused the development of horst-and-graben systems at the margin
of the Gulf of Mexico, as well as continental evaporite sedimentation
(Marton, 1995; Dickinson and Lawton, 2001; Fillon, 2007).

During the Late Jurassic, changes in subduction angle of the
Farallon plate underneath the Guerrero plate evolved into a high-angle
oblique subduction zone that also developed an extensional and
transtensional continental arc (s.s., Busby, 2012). The arc was asso-
ciated with normal and lateral faults that favored exhumation and
erosion of the Early to Middle Jurassic volcano-sedimentary successions
of the Nazas arc (Fig. 1C; Bassett and Busby, 2005; Ocampo-Diaz, 2011;
Ocampo-Diaz and Rubio-Cisneros, 2013; Barboza-Gudifio et al., 2015;
Centeno-Garcia, 2017). During the Late Jurassic, the continued opening
of the Gulf of Mexico led to left-lateral strike-slip faults, pull-apart and
strike—slip basins in Mexico and southern USA (e.g., the Chihuahua and
Monterrey troughs; Rosaz, 1989; Goldhammer, 1999; Haenggi, 2002;
Bassett and Busby, 2005; Ocampo-Diaz, 2011). Subsequent detachment
of the Yucatan Block is linked to the Tehuantepec fault. It caused: a)
intense anti-clockwise rotation of “10° of the Yucatan block (Molina-
Garza et al., 1992; Pindell and Kennan, 2009), b) normal faulting of
tectonic assemblages at the fringe of the uplifted blocks, and ¢) con-
tinued deposition of continental evaporites in the same area (Marton,
1995; Alaniz-Alvarez et al., 1996; Pindell and Kennan, 2009). Due to
the Gulf opening, the Tethys Ocean inundated the continent from the
east. This favored peritidal carbonate deposition on the transgressive

clastic coastlines (Fig. 1C; e.g., Michalzik and Shumman, 1994;
Ocampo-Diaz, 2011; Ocampo-Diaz et al., 2014).

The Jurassic-Cretaceous boundary and Early Cretaceous time were
characterized by abrupt changes in sedimentation from clastic to car-
bonate, a climatic shift from semi-arid to humid tropical conditions, as
well as changes in chemical, biotic and tectonic conditions (cf., Adatte
et al,, 1996; White et al., 2005). The changes were a result of the
opened Gulf of Mexico and reactivation of the continental magmatic
arcs at the north-western and south-western parts of the paleo-Pacific
margin (Garcia-Diaz, 2004; Ocampo-Diaz, 2011). During the Early
Cretaceous, the continued rotation of the Yucatan block caused the
development of large carbonate platforms on basement highs (e.g.,
Coahuila, Valles-San Luis Potosi and El Doctor platforms), as well as
marginal-marine clastic systems (Winker and Buffler, 1988; Pindell and
Kennan, 2009; Ocampo-Diaz, 2011). Simultaneously, the Farallon-plate
subduction below the Guerrero plate caused the development of a new
continental arc related to the Alisitos-Guerrero subduction system in
southwestern USA and southern Mexico (Boschman et al., 2018). In
central Mexico a left-lateral transform-fault related continental margin
formed. It caused the subduction zone to migrate from northern to
southern Mexico (Ocampo-Diaz, 2011; Ocampo-Diaz et al., 2014).

3. Lithostratigraphy of the study area

The Huayacocotla Formation and the Alamitos Sandstone of
Toarcian and assumed Oxfordian age (Celestino, 1982; Labarthe et al.,
1989; Venegas-Rodriguez et al., 2009) are exposed in San José de las
Flores near Rio Verde, state San Luis Potosi (Fig. 2). The Huayacocotla
Formation consists of a ~60 m-thick unit of rhythmically alternating
shale and sandstone turbidites that are arranged in aggradational and
progradational successions with well developed compensation cycles
(Fig. 3). The sandstone beds are 7-45 cm thick and normally graded
(Ta) with upper-plane parallel lamination (Tb), current-ripple marks
(Tc), climbing ripples (Tc), and convolute bedding, similar to the “CCC”
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turbidite family of Walker (1992), with erosion grooves and prod-and-
skip marks (Fig. 4A-E). The main paleocurrent direction, measured on
groove marks, is towards northeast (Fig. 3). The grooves are associated
with submarine channel propagation, whereas the current ripples,
cross-lamination and convolute bedding are related to lobe prograda-
tion and external levees (Fig. 3). The Toarcian age of the Huayacocotla
Formation is documented with the ammonites Phylsecgrammoceras and
Hidalites (Labarthe et al., 1989).

The Alamitos Sandstone lies with an angular unconformity on the
Huayacocotla Formation (Fig. 4F). The Alamitos Sandstone consists of
an aggradational succession of very coarse-grained to fine-grained
sandstone with sparse conglomerate beds. The beds vary from 10 to
55cm in thickness. Common sedimentary bedforms are 3D and 2D
dunes with double or single mud-drapes (Figs. 5A-C). They also include
inclined heterolithic stratification, through and planar cross-lamina-
tion, ripples, lenticular and flaser stratification with bipolar current
directions (Fig. 5D). Skolithos and Thalassinoides trace fossils are present
(Fig. 5F), as well as erosional groove-and-scour marks at the base of the
bed. Paleosoil and syneresis cracks are common at the upper part of
fining-upward successions of the Alamitos Sandstone (Figs. 3, 5F-5 F).
The succession is thickening and fining upwards with common rip-up
clasts, lags and erosive grooves at the base, along with lenticular bed

forms. These characteristics are like the tidal channels documented by
Dalrymple (2010). The scour marks and erosive grooves represent tidal
channels and suggest sediment transport from northeast to southwest
(Fig. 3). The stratification with bipolar current directions is related to
tidal sediment transport (Fig. 3). Alamitos Sandstone deposition is
bracketed from Oxfordian to Albian based on a maximum depositional
age of ~160 Ma (Fig. 3; zircon U-Pb dating, Venegas-Rodriguez et al.,
2009), and the overlying Albian El Abra Formation. Celestino (1982)
and Labarthe et al. (1989) suggest that the unit is of Late Jurassic age.

4. Methodology

Thin section analysis of 44 medium-grained to coarse-grained
sandstone samples were undertaken from seven stratigraphic sections of
the Huayacocotla Formation and Alamitos Sandstone collected at the
cross-road between the villages of San José de las Flores and Los
Alamitos (Figs. 2, and 3). A total of ~1000 grains per sample, excluding
matrix and cement, were point-counted with the Gazzi-Zuffa method in
order to minimize a modal grain-size effect (Gazzi, 1966; Dickinson,
1970; Zuffa, 1980; Weltje, 2002). Outside the point counting, all lithic
fragments larger than 0.0625 mm were described lithologically to re-
veal their parent rocks. The thin sections were etched with HF and
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stained with sodium cobaltinitrite, barium chloride and Alizarin Red for
easy recognition of K-feldspar, plagioclase and calcite (Marsaglia and
Tazaki, 1992).

Six samples from the Huayacocotla Formation and 20 from the
Alamitos Sandstone were analyzed for their whole-rock chemical
composition at Acme Labs, Vancouver, Canada. Major and trace ele-
ments were analyzed by inductively coupled plasma optical emission
spectrometry and inductively coupled plasma mass spectrometry, re-
spectively. The CO, values were determined by two-dimensional gas
chromatography with a flame ionization detector. The Chemical Index
of Alteration (CIA) of Nesbitt and Young (1982), the Index of Compo-
sitional Variability (ICV) of Cox et al. (1995), the Plagioclase Index of
Alteration (PIA) of Fedo et al. (1995), and the Mafic-Felsic-Weathering
(M-F-W) empirical alteration index of Ohta and Arai (2007) were cal-
culated using the formulas CIA = {Al,O3/
(AL,O3 + CaO* + Na,O + K,0)}*100; ICV = (Ca0 +
K50 + Na,O + Fe;0O3 + MgO + MnO + TiO,)/ Al,Os3; PIA = 100 X
(A1203-K20) / (A1203+C30* +N320-K20); and M = [—0395 X In
(Si02)] + [0.206 x In(TiO,)] - [0.316 x In(Al,03)] + [0.160 X In
(Fe503)] + [0.246 x In(MgO)] + [0.368 x In(CaO*)] + [0.073 X In
(Nay0)] - [0.342 X In(K,0)] + 2.266. F = [0.191 X In(SiO,)] —
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Huayacocotlafs
[Eormation I
Fig. 4. Field photographs of the Huayacocotla Formation: A) progadational shale-sandstone successions characteristic of depositional lobes. C) aggradational suc-

cessions of mixed submarine channels. D) Ta, Tb and Tc sedimentary structures of the Bouma sequence. E) Erosion grooves underneath a sandstone bed. F) Angular
and erosive unconformity between the Huayacocotla Formation and Alamitos Sandstone.

[0.397 X In(TiO,)] + [0.020 X In(Al,03)] - [0.375 X In(Fe;03)] —
[0.243 x In(MgO)] + [0.079 x In(CaO*)] + [0.392 X In(Na,0)] +
[0.333 X In(Kx0)] - 0.892. W = [0.203 X In(SiO3)] + [0.191X In
(TiO2)] + [0.296 x In(Al,03)] + [0.215 X In(Fe,05)] — [0.002 X In
(MgO)] - [0.448 x In(CaO*)] - [0.464 X In(Na,O)] + [0.008 X In
(K,0)] - 1.374. CIA is calculated from the molar composition. The Eu
anomaly was determining using Eu/Eu* = Euy/(vSmN * GdN), where
N denotes normalized chondrite values according to Taylor and
McLennan (1985).

Colour cathodoluminescence images of detrital quartz from eight
samples of the Alamitos Sandstone were made with a Croma Hot CL-II
from Gatan mounted to SEM-JEOL at the Universidad Auténoma de
Guerrero, Mexico. Images were made selectively to record a variety in
cathodoluminescence characteristics during 30 min at 5 mA. Therefore,
only qualitative provenance evaluation is done, mainly leaning on the
cathodoluminescence texture descriptions of Bernet and Bassett (2005)
and Boggs and Krinsley (2006).
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Fig. 5. Field photographs of the Alamitos Sandstone. A) plain view of the 3D dunes. B) cross-section of 3D and 2D dunes with opposite flow direction and double and
simple mud-drapes into aggradational succesions. C) Lenticular and flaser stratification. E) Paleosoil. E) Syneresis cracks. F) Skolithos and Thallassinoides trace fossils.

e Huayacocotla
Formation
® Alamitos Sandstone

Litho-feldespathic

Feldepatho-lithic L

50

Fig. 6. Framework composition for the studied sandstone units (discrimination
fields from Garzanti, 2016). IFQ: litho-feldsphato-quartzose; fLQ: feldspatho-
litho-quartzose; 1QF litho-quartzo-feldspathic; fQL: feldspatho-quartzo-lithic;
qLF: quartzo-litho-feldspathic; qFL: quartzo-feldspatho-lithic.

5. Results
5.1. Petrography

The Huayacocotla Formation sandstone is medium-grained and,
compared to much sandstone, fairly poor in quartz and quite rich in
feldspar and lithic fragments with mean composition of QggFaoLio
(n = 10; Fig. 6). This corresponds to feldspato-quartzose sandstone in
the classification of Garzanti (2016). The quartz grains are dominantly
subangular to subrounded and monocrystalline (Qm) rather than
polycrystalline (Qp; Qp/Qm = 0.01). The monocrystalline quartz
grains more commonly are undulatory (Qu) than non-undulatory, i.e.,
with straight extinction (Qnu; Qnu/Qu = 0.43; Fig. 7A-C; Appendix 1).
The monocrystalline grains are characterized by vacuoles, striae and
sometimes resorption embayments (Fig. 7B) and syntaxial crystal bor-
ders. The polycrystalline quartz grains mostly are composed of elon-
gated crystalline aggregates with sutured, straight or polyhedral sub-
grain contacts. Plagioclase (P) and alkali feldspar (K) display similar
proportions (P/K = 0.9; Appendix 1). The plagioclase grains are
slightly sericitized and include albite twins (Fig. 7A-C). The K-feldspar
is kaolinized, however Carlsbad and pericline twins are preserved. The
lithic grains include volcanic (6%), metapelitic (1) and pelitic rock
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Fig. 7. Microphotographs from Alamitos Sandstones. Microphotographs of the Huayacocotla Formation and Alamitos Sandstone. A, B and C, show the principal
petrographic characteristics of the Huayacocotla Formation. Qm-monocrystalline quartz. P-Plagioclase feldspar. Lvf-Felsitic volcanic lithic fragment. D. General
petrographic characteristics with monocrystalline quartz (Qm), polycrystalline quartz (Qp) and alkali feldspar (Fk). E. Polycrystalline quartz with more than three
subcrystals. F. Microlithic volcanic grain (Lvm). G. Felsitic volcanic grain (Lvf) and polycrystalline quartz. H. Felsitic volcanic lithic fragment. I. Albite llamallae with
oxide porphyroblast from metapsammitic lithic fragment. J. Serpentine lithic grain with schistose texture (Sp). L. Felsitic fragment with healed fractures and a fault.
L. Low-metamorphic metapelite lithic grain (Lm) and monocrystalline quartz. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article).

fragments (1). The volcanic clasts include (1) felsitic grains with
aphanitic texture, sanidine crystals and a chert-like microgranular
mosaic of quartz and feldspar, with or without spherulitic chalcedony
texture development (Fig. 7B-C), (2) micro-phenocrysts of plagioclase
in an aphanitic groundmass that sometimes is vitreous, and; (3) lath-
work texture of orthoclase (Appendix 1). Accessory minerals consist of
ferrous chlorite, muscovite, epidote, sericite, zircon, and jarosite. He-
matite is the most common opaque mineral (Appendix 1). The matrix
content is less than 6% and is represented both by true matrix and
partly iron-stained pseudomatrix (deformed incompetent lithic frag-
ments). The cement content is less than 5% and mainly consists of
calcite sparite.

The Alamitos Sandstone is dominated by medium-grained to coarse-
grained sandstone that is slightly more enriched in quartz and lithic
fragments than the Huayacocotla Formation with a mean composition
of QysFglig (n = 34; Fig. 6; Appendix 1). Monocrystalline quartz is

somewhat less common than in the Huayacocotla Formation (Qp/
Qm = 0.47) and the monocrystalline quartz grains less commonly ex-
hibit undulatory extinction with Qnu/Qu of 0.56 (Fig. 7D-E). The
quartz grains have similar features to those in the Huayacocotla For-
mation with vacuoles, striae and occasional syntaxial crystal borders
(Fig. 7D). In addition, they sometimes contain apatite and zircon in-
clusions. Different to the Huayacocotla Formation, alkali feldspar
dominates completely over plagioclase (P/F = 0.01). It consists of or-
thoclase and sanidine that sometimes contain carlsbad twins. Some
alkali feldspar grains are partly dissolved and corroded or altered to
kaolinite. The lithic grains are mainly volcanic (17%), plutonic (ob-
served outside the point-count) and less low-grade to high-grade me-
tamorphic (2%) (Figs. 7F-L). The volcanic grains exhibit (1) felsitic
grains with a) equigranular to inequigranular groundmass of quartz and
partially chloritized feldspar, b) spherulitic chalcedony and feldspar
crystals embedded in a vitreous groundmass, and c¢) microcrystalline
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(Herron, 1988). B) K,O vs. Na,O. Huayacocotla-Formation data from
Armstrong-Altrin et al. (2013) are from Hidalgo state.

quartz and sanidine in a partly altered vitreous groundmass (Figs. 7F, G,
H and K); (2) micro-phenocrysts of plagioclase in an aphanitic
groundmass; and (3) lathwork of K-feldspar phenocrysts in an aphanitic
groundmass that sometimes is vitreous. The plutonic fragments have
seriate porphyritic texture and are rich in quartz and feldspar. The
metamorphic grains are more common than in the Huayacocotla For-
mation and consist of metapsammite, metapelite, metabasite and ser-
pentine grain (Figs. 7J and K). Accessory minerals are muscovite,
zircon, epidote, baryte, sericite, opaque minerals, biotite, glauconite,
chlorite, and apatite. Pseudomatrix, partly replaced by iron oxide, is
less than 5%. True matrix is absent. Cement is rare with less than 0.5%.
It mainly consists of poikilitic calcite.

5.2. Whole-rock geochemistry

In accordance with the low mineralogical maturity of the
Huayacocotla Formation sandstone, the SiO, concentration has a mean
value of 63%. Other oxide values are relatively high with Al,O3 of 12%,
Fe,03 of 7%, and K50 of 1%. As a result, Si0,/Al,03 and Fe,03/K,0 are
approximately 5 and 7, respectively. This corresponds to Fe-sand
(Fig. 8), which also is in accordance with the feldspato-quartzose
classification. Na,O/K,O ratios of 1.9-2.8 are in accordance with the
high plagioclase content. The oxide-dependent weathering and altera-
tion indices CIA (Fig. 9a), PIA and ICV are low with mean values of 60,
61 and 1.5, respectively. Values for the empirical alteration index (M-F-
W of Ohta and Arai, 2007) are 81 for M, 10 for F and 9 for W (Fig. 9b).
In accordance with the high oxide values, the high field strength ele-
ments have fairly high absolute concentrations in the Huayacocotla
Formation with Zr of 250 ppm, Hf of 7 ppm and Y of 22 ppm. These
values also are around or higher than those for the mean upper con-
tinental crust (Taylor and McLennan, 1985). Differently, the large ion
lithophile elements Rb and Ba have lower values than the upper con-
tinental crust (Rb =40 ppm, Ba =374 ppm; Appendix 2). The ratio of
immobile Th versus mobile U is lower than the upper continental crust
with 3. However, ratios of the more immobile and incompatible versus
compatible elements Th/Co, La/Co, and Th/Sc indicate a felsic prove-
nance with values that are higher than the upper continental crust with
1, 5, and 0.6, respectively (Fig. 10a). Cr/Ni, Cr/Th, Cr/V, and Ti/Nb,
indicators of mafic components, are around or above the values for the
upper continental crust with 3, 10, 1, and 433, respectively. Finally, Zr/
Sc, which reflects zircon concentration and recycling, is 28, a value that
is slightly above that for the upper continental crust (Figs. 10b; Ap-
pendix 2). The light rare earth elements (LREE) are enriched compared
to the heavy ones (HREE) with Lay/Smy of 2.8, and Gdy/Yby of 1.8.
Eu/Eu* is moderately negative with a mean value of 0.8 (Fig. 11; Ap-
pendix 2).

The mineralogically mature sandstone of the Alamitos Sandstone
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contains more SiO, than the Huayacocotla Formation with a mean
value of 94%. Correspondingly, other oxide values are lower, which
result in higher SiO,/Al,03 and Fe,03/K,0 of approximately 30 and
10, respectively, corresponding to Fe-sand, litharenite, sub-litharenite,
and quartzarenite (Fig. 8). Considering the rare plagioclase in the
sandstone, the Na,O/K,0O of 0.02—0.09 is much lower than for the
Huayacocotla Formation. Also, different, the Alamitos Sandstone
sandstone has high CIA (Fig. 9A), PIA and ICV of 85, 97 and 0.77, re-
spectively, and the values for the empirical alteration index are M = 36,
F =11, and W = 53 (Fig. 9B; Appendix 2). The mobility index Th/U is
4, which is similar to the Huayacocotla Formation. Differently, the
felsic indicators Th/Co, La/Co, and Th/Sc are 31, 119, and 1.15, sig-
nificantly above the values for the upper continental crust. Also, the
mafic indicators Cr/Ni, Cr/Th (Fig. 10A), Cr/V, and Ti/Nb, as well as
the recycling indicator Zr/Sc (Fig. 10B; Appendix 2), 21, 48, 4, 498, and
73, respectively, are higher than for the Huayacocotla Formation and
the upper continental crust (Fig. 11). Similar to the Huayacocotla
Formation, the LREE are enriched compared to the HREE with Lay/Smy
of 4.0 and Gdy/Yby of 1.2 but with a more prominent Eu/Eu*of 0.7
(Fig. 11; Appendix 2).

5.3. Cathodolumenescence of quartz (Alamitos Sandstone)

The cathodoluminescence images reveal that the Alamitos
Sandstone is dominated by angular to subangular grains, sometimes
with thin quartz-cement rims. Frequently, grains display planar to
concavo-convex grain contacts. Much quartz also contains quartz-
healed fractures. They occur in all quartz types and often have the same
cathodoluminescence colour as quartz cement (Fig. 12A-C), indicating
that they are related to brittle deformation due to post-depositional
compaction. Six main types of detrital quartz were observed: (1) Quartz
with dotted cathodoluminescence appearance. The dots typically are
brownish-blue or include different shades of blue (Fig. 12D); (2) bluish
quartz grains with microcracks (Fig. 12A); (3) blue-luminescent patchy
quartz lacking microcracks (Fig. 12B); (4) dark brownish grains with
homogeneous or weakly patchy cathodoluminescence (Fig. 12C); (5)
quartz with homogeneous but stronger cathodoluminescence than the
brown quartz (Fig. 12E). These grains mostly appear violet and some-
times blue. They contain embayments along grain boundaries or are
composed of a single euhedral quartz crystal. (6) Heterogeneous violet
to blue or violet to red grains that sometimes include oscillatory zoning
also occur (Fig. 12F). Occasionally they include resorption embayments
along grain boundaries. Based mostly on images covering numerous
grains, the most common types seem to be the dotted (1), the homo-
geneous violet (5), and zoned quartz (6), as well as homogeneous
brown quartz (4).

6. Discussion

We interpret that important compositional differences between the
Huayacocotla Formation and the Alamitos Sandstone are due to
weathering effects. This is because both units include mafic lithic
fragments, both have oxide compositions (M-F-W) indicating mafic
input and partly show trace-element compositions being typical for
detritus deriving from mafic rock types. This interpretation is supported
by the differences in weathering indices, which indicate that the
Alamitos Sandstone is more weathered than the Huayacocotla
Formation both in San Luis Potosf (this study) and Hidalgo south of our
study area (Armstrong-Altrin et al., 2013). In accordance with the CIA
and PIA values, differences in weathering are accentuated by the
slightly sericitized plagioclase in the Huayacocotla Formation and the
presence of altered plagioclase and dissolved potassium feldspar in the
Alamitos Sandstone. Feldspar alteration is probably mainly pre-de-
positional due to the differences in Eu anomaly. Eu/Eu* would be ex-
pected to be similar in both units if the difference in feldspar compo-
sition would be diagenetic or related to metamorphic source rocks. Due



Y.Z.E. Ocampo-Diaz, et al.

Geochemistry xxx (XXxx) XXX—XXX

CIA Values
100 A Ka., Gib., Cht. g @
@ & ® Huayacocotla Formation
90 |- '.-T_ m Alamitos Sandstone
30 Sm o\ Tlite A Huayacocotla Formation
0.25 N .: 0.75 (data from Armstrong-
70 m \Ms. Altrin et al., 2013)
60 — «®
i Al-Bi
50 | 0.50, Granite \0.50
Bl O\{ K-Sp
40 - Gabbro hyolite
30 Basalt
0.75, 0.25
20
10 -
CN 0.25 0.50 0.75 K F W

Molar Percent

Fig. 9. Weathering diagrams based on oxide concentrations: A) A-CN-K (Al,O3 — CaO in silicates only + Na,O - K,0) in molar proportions after Nesbitt and Young
(1982), and B) Mafic-Felsic-Weathering indices in weight percent according to Ohta and Arai (2007). Chemical composition of granite, rhyolite, basalt and gabbro
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the position of the depositional basin between the continental Nazas arc
and the rifting Gulf of Mexico, the transport distance for both the
Huayacocotla Formation and the Alamitos Sandstone is expected to be
rather short. Therefore, the difference in composition cannot be

explained solely by long transport (both in distance and time) over
extended continental areas.

The weak weathering in the Huayacocotla Formation probably is
mainly due to erosion and transport in an arid climate into the topo-
graphic lows - with high similarities to the Huayacocotla Formation in
Hidalgo (Armstrong-Altrin et al., 2013). The stronger weathering con-
ditions for the Alamitos Sandstone are in accordance with a more
humid climate. Also a topographic change from high to low relief could
have explained our results. However literature data indicate that a
climate change indeed took place during this time. Based on palyno-
logical and stable isotope analysis on Jurassic red beds in central and
northeastern Mexico, Loyola (2015) postulated a warm-arid climate
during Early Jurassic time and warm-humid subtropical to tropical
conditions during Middle to Upper Jurassic time. Similarly, Korte et al.
(2015) proposed a global climate change from warm conditions during
the Toarcian, to cooler temperatures for the Middle and Late Jurassic.
This change is related to lithospheric up-doming and uplift in the North
Sea, impeding heat transport and thus triggering cooler conditions
(Korte et al., 2015).

The difference in weathering due to climate was probably accen-
tuated by a difference in transport distance, possibly combined with
differences in relief. This is based on the dominance of volcanic lithic
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Fig. 13. Quartz types in sandstone (discrimination lines from Basu et al., 1975
(dashed lines) and Tortosa et al., 1991 (solid lines). Qnu-nonundulatory
monocrystalline quartz; Qu-undulatory monocristalline quartz; Qp2-3-poly-
crystalline quartz grains with 2 or 3 subcrystals; Qp > 3-polycrystalline quartz
grains with more than 3 subcrystals (excluding chert).

fragments in the Huayacocotala Formation and the more varied litho-
grain content of volcanic fragments mixed with plutonic and meta-
morphic clasts in the Alamitos Sandstone sandstone that may indicate
that the Huayacocotla Formation basin was situated closer to the paleo-
Pacific convergent margin and the Nazas arc than the Alamitos
Sandstone basin. However, during Late Jurassic time, the assumed age
of the mature Alamitos Sandstone, rifting related to the Gulf of Mexico
was more pronounced than earlier (Ocampo-Diaz, 2011). This caused
locally different tectonic settings in the area between the Pacific and
Atlantic oceans, and different microclimates were also possible. The
postulated climate change in the Huayacocotla-Formation and Ala-
mitos-Sandstone basins and in central and northeastern Mexico may
have been favored by the regional strike-slip fault systems that ex-
humed basement rocks. This process interfered with the heat transport
and led to a tropical climate with humid conditions (cf., Gose et al.,
1982; Loyola, 2015; Korte et al., 2015). The central Mexican paleo-
position both during Early and Late Jurassic time is estimated to ap-
proximately 24 °N (Gose et al., 1982; Pindell and Kennan, 2009). This
agrees with paleomagnetic data of 2-6 °N for the southwestern part of
the Yucatan block (Lower Jurassic La Silla Formation and Middle Jur-
assic Todos los Santos Formation; Godinez-Urban et al. (2011b). Hence
plate movements cannot explain the change in climate.

7. Provenance

The volcanic lithic fragments indicate that volcanic rocks were the
main source for both units. The large influence of volcanic sources is
accentuated by the dominance of violet-luminescent and zoned quartz
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grains in the Alamitos Sandstone, both of which is typical for volcanic
quartz (Augustsson and Reker, 2012). Also, the resorption embayments
and the lack of microfractures in the quartz indicate volcanic sources
(Bernet and Bassett, 2005; Boggs and Krinsley, 2006). Additionally, the
grains with dotted cathodoluminescence appearance are similar to
felsic volcanic groundmass that was illustrated by Augustsson and
Reker (2012). This also is in accordance with the presence of lithic
clasts with felsic volcanic groundmass in both units. Both the felsic
volcanic grains and quartz, and the mafic petrographic and geochem-
ical indicators suggest a similar but varied volcanic source for the two
units. The volcanic source may include rhyolitic to andesitic lava from
the continental Nazas Arc directly to the west of our study area. This is
supported by detrital zircon ages for the Alamitos Sandstone that are in
accordance with ages from the Nazas Arc (Fig. 14; Venegas-Rodriguez
et al., 2009).

Besides the volcanic input, lithological catchment-area differences
are recorded in the sedimentary clasts of the Huayacocotla Formation,
and the felsic plutonic lithic fragments of the Alamitos Sandstone.
Plutonic quartz also is indicated by the usually blue-luminescent quartz
with microcracks (cf. Bernet and Bassett, 2005). Furthermore, the much
higher immobile element ratios Th/Co, La/Co, and Th/Sc indicate more
felsic sources for the Alamitos Sandstone than the Huayacocotla For-
mation (cf. Bhatia and Crook, 1986). The metasedimentary lithic
fragments and the larger proportion of polycrystalline than mono-
crystalline quartz in the Alamitos Sandstone also indicate a stronger
influence from low-grade to medium-grade metamorphic sources in-
fluenced by < 500 °C (cf. Basu et al., 1975; Tortosa et al., 1991; Figs. 13
and 14). This is supported by the frequent brown-luminescent quartz,
because both the weak cathodoluminescence signal and the patchy
texture are typical for metamorphic quartz formed at temperatures
from 300 to 350°C up to ca. 500 °C (Zinkernagel, 1978; Boggs and
Krinsley, 2006; Augustsson and Reker, 2012).

In agreement with the petrographic differences for the two units,
the low and high ratios, respectively, for the incompatible versus
compatible element ratios Th/Co, La/Co, and Th/Sc in combination
with the recycling indicator Zr/Sc are typical for continental island arcs
for the Huayacocotla Formation both in the study area and in Hidalgo
region (cf., Armstrong-Altrin et al., 2013), and for passive margin for
the Alamitos Sandstone (cf. Bhatia and Crook, 1986). Nevertheless, the
large amount of lithic fragments in the Alamitos Sandstone and the
dominance of volcanic clasts among these are untypical for passive
margins (cf. Dickinson and Suczek, 1979). Together with the plutonic
clasts in the Alamitos Sandstone, this indicates that both studied units
may partly have been sourced from areas that are related to an active or
passive igneous arc. If the arc was active, the volcanic arc may have
migrated towards the west during late Middle to early Late Jurassic
time (Ocampo-Diaz, 2011; Cruz-Gamez et al., 2017). In that case, we
assume that the migration opened up for more varied source lithologies
for the younger Alamitos Sandstone (Fig. 14).

The Huayacocotla Formation sand probably mainly derived directly
from the exhumed continental Nazas Arc located west of the study area.
In the eastern, the right-lateral opening of the Gulf of Mexico caused
exhumation of basement rocks in a horst-and-graben landscape, which
may be the source for the metapelitic rock fragments. Particularly, the
westernmost metapelite occurrences of the Paleozoic Granjeno Schist
(Barboza-Gudino et al., 2011) are a potential source candidate (Fig. 14).

Similar to the Huayacocotla Formation, the felsic composition of the
Alamitos Sandstone can be explained by basement uplift and erosion
(Fig. 14; Venegas-Rodriguez et al., 2009). However, the opened Gulf of
Mexico in the east caused both further graben basins and the first
oceanic transgression from the Gulf into northeastern and central
Mexico (e. g., Ocampo-Diaz, 2011; Centeno-Garcia, 2017; Martini and
Ortega-Gutiérrez, 2018; Fig. 15). We propose that the shallow-marine
Alamitos Sandstone represents the coastal area of the early Gulf of
Mexico (Fig. 15B). Due to the continued extension, the Nazas Arc may
have been exhumed further with the potential for arc material of the
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Fig. 14. Tectonic evolution and probability densities of detrital zircon ages for the Paleozoic Granjeno Schist, Triassic Zacatecas Formation, Lower Jurassic La Boca
Formation, Lower and Middle Jurassic La Silla and Todos Santos formations, and Upper Jurassic Alamitos Sandstone. The color bands represent expected ages of
Mexican source rocks, particularly ages of magmatic and metamorphic events on the west edge of Mexico according to Lawton et al. (2016). The zircon data are from
Venegas-Rodriguez et al. (2009); Barboza-Gudifio et al. (2010, 2011); Rubio-Cisneros and Lawton (2011); Godinez-Urban et al. (2011a); Barboza-Gudifio (2012), and
Ortega-Flores et al. (2014, 2016). Abbreviations are: Go, Grenville Orogen; Cao, Composite Appalachian Orogen; G-Rh, Granite-Rhyolite; P-Ao, Pan-African orogen;
EMA, East Mexican Arc; CAN, Continental Nazas Arc. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article).
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same composition and age to be the source for the Huayacocotla For-
mation and the Alamitos Sandstone (Figs. 14, and 15). Also, basement
rocks probably continued being exhumed further with continuous
erosion of the Granjeno Schist as well as the more felsic Novillo Gneiss
(Fig. 14). In addition to metapelite, the Granjeno Schist also includes
metapsammite and mafic to ultramafic metavolcanic rocks, including
serpentinite (Barboza-Gudifo et al., 2011; Torres-Sanchez et al., 2017).
We propose that the Granjeno Schist, with estimated metamorphic
temperatures around 300 °C (Torres Sanchez et al., 2016, 2017) was
exhumed to its metapsammitic and metavolcanic rocks by Late Jurassic
time (Fig. 14). This can explain the varied metasedimentary lithic clast
content, the more abundant polycrystalline quartz, the low-temperature
quartz as well as the metabasite and serpentinite fragments in the
Alamitos Sandstone (Fig. 14). Detrital input from Granjeno-Schist ser-
pentinite that contains 1-5 weight % Cr,03 (Torres-Sanchez et al.,
2017) also explains the high Cr/Ni, Cr/Th and Cr/V, that seemingly
cause a contrasting felsic-mafic geochemical signal together with the
high La/Co, Th/Co, and Th/Sc for the Alamitos Sandstone. Also, the
enrichment of HREE compared to the upper continental crust and the
oxide-dependent mafic value for the empirical alteration index M-F-W
can be due to the serpentinite clasts (Lesnov, 2010).

A potential source for the felsic plutonic lithic fragments and plu-
tonic quartz can be the ca. 1.0-1.2 Ga Novillo Gneiss (Weber et al.,
2010), which is mainly composed of metagranitoid, metagabbro, and
calcsilicate at granulite-facies metamorphism (Ortega-Gutiérrez et al.,
2018). This interpretation is valid since crystal borders commonly are
similar in plutonic and high-temperature metamorphic rocks (e. g.,
Gotze and Zimmerle, 2000). Also, the cathodoluminescence signal is
similar for plutonic quartz and metamorphic quartz above ca. 500 °C
(Augustsson and Reker, 2012). Furthermore, ca. 1 Ga zircon grains are
present in the Alamitos Sandstone (Fig. 14; Venegas-Rodroguez et al.,
2009).

Different to our model, traditionally the Huayacocotla Formation
and Alamitos Sandstone have been interpreted as basin deposits along a
passive continental margin that was associated with the opening of the
Gulf of Mexico (e. g., Armstrong-Altrin et al., 2013). However, our
tectonic interpretation is in accordance with Venegas-Rodriguez et al.
(2009); Ocampo-Diaz (2011), and Barboza-Gudino et al. (2010, 2015),
who suggested that the Lower Jurassic Huayacocotla Formation has a
closeness with an active continental margin along the paleo-Pacific
margin of Mexico (Fig. 15A), whereas the Upper Jurassic Alamitos
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Sandstone is linked to the first incursion of the Gulf of Mexico, which at
the same time is associated with a strike-slip basin system that devel-
oped due to Yucatan block rotation and the oblique subduction of the
paleo-Pacific Farallon plate (Ocampo-Diaz, 2011; Barboza-Gudifo
et al., 2014; Fig. 15B). This interpretation agrees with active sinistral
movement in a sedimentary basin in southern Mexico during Middle
Jurassic time (Tezoatlan basin sensu Zepeda-Martinez et al., 2018).

8. Conclusions

The provenance results indicate two different sources for the
Huayacocotla Formation: 1) the Early Jurassic Continental Nazas arc
that bounded the Huayacocotla-Formation and Alamitos-Sandstone
basins to the north and east, and 2) minor input from uncovered low-
grade, partly mafic, metamorphic rocks of the Granjeno Schist. Sources
for the overlying Alamitos Sandstone included 1) Precambrian and
Paleozoic metaigneous, metasedimentary and ultramafic rocks from the
Novillo Gneiss and the Granjeno Schist, and 2) volcanic rocks from the
Nazas Arc. This provenance change is related to the exhumation of
crystalline basement in Tamaulipas north of the study area along left-
lateral strike-slip fault systems. The depositional basins are part of the
span of strike-slip basins that extended from north-central to south-
eastern Mexico during the Upper Jurassic to Lower Cretaceous
(Ocampo-Diaz, 2011; Ocampo-Diaz et al., 2014). The data from the
present study, in addition to those from previous authors, strengthen
the suggestion for a provenance shift from an active continental margin
during the Lower Jurassic, to a system that involves the last stage of an
active margin with lateral fault systems associated with the Gulf of
Mexico opening. These evolving tectonic regimes favored climate
changes that were related to the exhumation of basement highs and the
marine incursion of the Gulf of Mexico.
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