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Abstract Curved mountain belts are spectacular natural features that contain crucial 3D information about
the tectonic evolution of orogenic systems in the absence of other kinematic markers. The Mesozoic units
exposed in the Mexican Fold and Thrust Belt in northeastern Mexico show a striking curvature, whose
kinematic history has not been studied. The existing tectonic models of the region simply assumed the shape of
the tectonic units as an inherent feature to the orogen. We investigated the kinematic history of this curvature
through paleomagnetism and rock magnetism analyses, coupled with an exhaustive review of available
published literature. The studied data sets indicate a protracted history of (re)magnetizations that occurred
during the Late Jurassic-Paleocene times at least during the Late Jurassic, Cretaceous and early Eocene. More
significantly, they show significant counterclockwise rotations in the northern flank of the curvature and
moderate clockwise vertical axis rotations along its southern flank. This data set suggests that the Sierra Madre
Oriental was a linear belt that experienced oroclinal bending or buckling during the Cretaceous to early Eocene
period (120-50 Ma).

Plain Language Summary The geological history of the American Cordillera is complex due to its
extensive geological history. We have investigated a section of this Pacific-Panthalassa region: the remarkable
curved sector of the Mexican Fold and Thrust Belt in northeastern Mexico. This winding area, known as the
Sierra Madre Oriental, potentially holds important clues about the evolution of the North American crust. To
contribute to a better understanding of this area and to complement the scarce geophysical and geological
studies, we used the magnetic properties of rocks and reviewed existing published research to investigate.
We’ve uncovered a complex history of rock magnetizations with at least two main events dating back to the Late
Jurassic and Cretaceous periods. Our findings also reveal that these mountain ranges were rotated from their
original position on vertical axes, suggesting they were originally linear and were bent or buckled during the
period from approximately 120 to 50 million years ago.

1. Introduction

Orogens, created by the opening and closing of ocean basins, are the most visible product of plate tectonics where
continents form and stabilize. Whereas cross-section views are the most valuable source of information to un-
derstand orogenesis in 2D, their lateral variations are the best opportunity to understand their kinematic evolution
in 3D (e.g., Gutiérrez-Alonso et al., 2008; Pastor-Galan, 2022). Most orogens on Earth are curved to some degree
(Johnston et al., 2013; Liu et al., 2023; Marshak, 1988; Weil & Sussman, 2004) and the kinematics of such
curvatures have the ability to explain the complex interactions between the evolving stress fields in a mountain
belt and its various rock units (e.g., Johnston et al., 2013; Liu et al., 2023; Pastor-Galan, 2022). Understanding the
kinematics of those curved mountain belts is crucial to understand large-scale tectonic problems.

The kinematic classifications of orogenic curvatures (Johnston et al., 2013; Pastor-Galén et al., 2017; Sussman &
Weil, 2004) distinguish (a) Primary curvatures, which pre-dates the orogenic building (e.g., Jura mountains:
Hindle & Burkhard, 1999); and (b) Oroclines (Carey, 1955) that are the product of vertical axis rotations.
Oroclines can be classed as progressive oroclines: that is portions of orogens that bend during the main
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deformation pulse (e.g., the Talesh; Rezaeian et al., 2020); and secondary oroclines, where the orogen bens or
buckles after the main deformation phase (e.g., the New England Oroclines, Li et al., 2012). The mechanisms that
form oroclines may involve from the uppermost crust (Marshak, 1988, 2004a, 2004b), to the whole lithosphere
(Bagheri & Damani Gol, 2020; Gutiérrez-Alonso et al., 2004; Pastor-Galan et al., 2012). Many structural
techniques can inform about the kinematics of curved orogens (Bagheri & Damani Gol, 2020; Hindle & Bur-
khard, 1999; Kollmeier et al., 2000; Li et al., 2012, 2021; Pastor-Galan et al., 2011, 2014, 2017; Shaanan
et al., 2014; Shaw et al., 2012; Weil & Yonkee, 2009; Yonkee & Weil, 2010). However, paleomagnetism is the
best tool to do it, as the geomagnetic field is independent of the orogenic deformation (Abrajevitch et al., 2005;
Eldredge et al., 1985; Pastor-Galan et al., 2015, 2018, 2020; Weil et al., 2001, 2010, 2013).

The American Cordillera runs along the Pacific coast of the Americas (Figure 1). It encompasses notable
mountain belts like the Rockies, Sierra Madre Oriental, and the Andes, as well as extensive plateaus (Colorado,
Atacama). The Cordillera includes Pangea derived terranes that have interacted with magmatic arcs, and oceanic
plateaus (Guerrero, Baja-BC, Kula Plateau; Keppie, 2004). It also exhibits several striking changes in its trend,
such as in Alaska (Johnston, 2001), Panama (Montes et al., 2012), the Colombian Eastern Cordillera (Jiménez
et al., 2014), Bolivia (Eichelberger & McQuarrie, 2015), and Patagonia (Maffione et al., 2010). Unraveling the
kinematics of these bends is crucial for understanding the Cordilleran geodynamics (e.g., Johnston, 2001). The
curvature of the Sierra Madre Oriental in North Central Mexico has often been overlooked. So far only two
hypotheses, focused on distributions of Early Jurassic igneous rocks and red beds, tried to explain the curved
pattern: (a) As product of large-scale left-lateral faulting during the Late Jurassic (Anderson & Schmidt, 1983;
Anderson et al., 2005; Jones et al., 1995; Molina-Garza & Iriondo, 2005; Silver & Anderson, 1974), and (b) a
general assumption of a primary curvature resulting from the a curved segment of the subduction zone (Barboza-
Gudifio et al., 2008, 2014; Dickinson & Lawton, 2001; Godinez-Urban et al., 2011; Lawton & Molina
Garza, 2014; Martini & Ortega-Gutiérrez, 2018; Molina-Garza et al., 2020; Stern & Dickinson, 2010).

Although relatively well known in cross section (e.g., Fitz-Diaz et al., 2018 and references therein), the Sierra
Madre Oriental critically lacks data informing about the kinematics of its curvature. Pioneering paleomagnetic
studies in the area described vertical axis rotations (Belcher, 1979; Clement et al., 2000; Gonzalez-Naranjo
et al., 2012; Gose et al., 1982; Kleist et al., 1984; Molina Garza, 2004; Nemkin et al., 2019; Nowicki et al., 1993;
Warrior, 2008), however, they were not focused on understanding rotations but on obtaining information on
paleolatitudes or magnetostratigraphy. In this paper, we investigate the nature of the curvature of the Sierra Madre
Oriental through new paleomagnetic data from Jurassic units (Nazas, La Joya and La Boca formations) and
critically review previous studies along the curved section of the Sierra Madre Oriental.

2. Geological Setting

The Mesozoic tectonic history of Mexico is coupled with break-up of Pangea and the eastward subduction of
Paleo-Pacific plates under North America (Boschman et al., 2018; Fitz-Diaz et al., 2018 and references therein).
From Late Triassic to earliest Cretaceous, the effects of the breakup of Pangea perhaps combined with extension
related to the roll-back of the Paleo-Pacific in western Pangea formed a series of continental, and marine basins
(Barboza-Gudifio et al., 2021; Busby et al., 2023; Martini & Ortega-Gutiérrez, 2018; Pindell & Kennan, 2001).
One of those basins is the Nazas province (e.g., Barboza-Gudifio et al., 2008; Busby & Centeno-Garcia, 2022;
Martini & Ortega-Gutiérrez, 2018). The Nazas province includes sedimentary rocks, with subordinate volcano-
sedimentary rocks and lava flows deposited from the beginning of the Jurassic (~200 Ma) to the Callovian
(~165 Ma) (Barboza-Gudiiio et al., 2008; Bartolini et al., 2003; Busby & Centeno-Garcia, 2022). The continued
extensional setting during the Oxfordian (~160 Ma) triggered a large marine transgression responsible for the
accumulation of a ~5 km thick marine sedimentary succession (hereafter “sedimentary cover”; Bartolini
et al., 1999; Goldhammer, 1999; Gray & Lawton, 2011; Hernidndez-Romano et al., 1997; Ocampo-Diaz
et al., 2016). After The Guerrero Terrane accretion (~120 Ma) the sedimentary rocks of the Mesozoic Basin of
Central Mexico deformed forming the Mexican Fold and Thrust Belt, typically defined as the foreland of the
Mexican orogen (e.g., Busby et al., 2023; Fitz-Diaz et al., 2018).

The Mexican Fold and Thrust Belt developed over a regional decollement (i.e., “thin-skinned” tectonics) where
the sedimentary cover was transported northeast (Eguiluz et al., 2000; Fitz-Diaz et al., 2018 and references
therein). The age of regional folding in the hinterland of the Mexican Fold and Thrust Belt (Fitz-Diaz et al., 2016;
Gutiérrez-Navarro et al., 2021; Williams et al., 2021), syntectonic magmatism (Teyra and Pefiuelo plutons

GUERRA ROEL ET AL.

2 of 24

85U8017 SUOWILIOD BAIIERID 3|ced! [dde aup Aq peuenob ake saolie YO ‘88N Jo Sa|ni Joj A%eiq8U1IUO AB]IM UO (SUORIPUOD-PUB-SLLBIW0D" AB| 1M ATIq U U0//SANY) SUORIPUOD pUe SWie 18U} 88S *[202/60/9T] U0 Ariqi18uliuo ABjim * AIsieAlun 1oenn - Uge-iomsed PIUed Ad 6£262080Y202/620T OT/10p/wiod 8| 1mAreiqijput|uo'sandnfe;/sdiy woJ pepeojumod ‘6 ‘202 ‘95666912



A

M\I Journal of Geophysical Research: Solid Earth 10.1029/20247B029239

ADVANCING EARTH
AND SPACE SCIENCES

Sierra Madre
Oriental (Fig.

& Curved Segments
~~ Subduction and transforms
= Mid-Ocean Ridge

Ramirez-Pefia & Chavez-Cabello, 2017) and synorogenic clastic sedimen-
tation (Concepcion del Oro Formation; Fitz-Diaz et al., 2018; Ocampo-Diaz
et al., 2016) has been bracketed between 90 and 50 Ma. The Mexican Fold
and Thrust Belt contains several recesses and salients that may reflect the
original geometry of the coastline and the geographic distribution of the
basement highs (Monterrey, Figure 2; e.g., Chavez-Cabello et al., 2004;
Nemkin et al., 2019; Padilla y Sanchez, 1985; Zachary, 2012). In localized
areas along the trace of the Mexican Fold and Thrust Belt late high-angle
reverse faults cut the older folds and thrusts and expose Jurassic volcano-

Nazca Plate

sedimentary strata and, in some cases, Paleozoic basement (Chavez-

Figure 1. The American Cordilleran Orogenic Belt and some of the curved Cabello et al., 2005; Fitz-Diaz et al., 2018; Guerra Roel, 2019; Gutiérrez-
segments along its trace. The black square is the location of the study area Navarro et al., 2021; Mauel et al., 2011; Ramirez-Pefia & Chavez-

(Modified from DeCelles et al. (2009)).

Cabello, 2017; Ramirez-Pena et al., 2019; Zavala-Monsivais et al., 2012;

Zhou et al., 2006). To our knowledge, no kinematic analyses have been
performed in the Sierra Madre Oriental to understand the curvature’s kinematics. However, there have been
speculations about the curved distribution of the outcrops in the Nazas province. Some authors have interpreted
this curvature as the result of large-scale transcurrent faults that fragmented and displaced Mexico (Anderson &
Schmidt, 1983; Anderson et al., 2005; Jones et al., 1995; Molina-Garza & Iriondo, 2005; Silver & Ander-
son, 1974). Others have suggested that Nazas’ curved distribution represents its original formation parallel to a
hypothetical curved subduction zone (Barboza-Gudifio et al., 2008, 2014, 2021; Dickinson & Lawton, 2001;
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Figure 2. Synthetic geological map and general structural trend of main structures in the Sierra Madre Oriental. Regional
distribution of the localities sampled areas is as follows. (A) San Julian Uplift, (B) Real de Catorce, (C) Charcas,

(D) Huizachal Valley, (E) Villa Juarez. Black symbols represent the accepted localities/directions from the literature
(Modified from open-source vector data from INEGI (2023) and SGM (2023)).
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Godinez-Urban et al., 2011; Lawton & Molina Garza, 2014; Martini & Ortega-Gutiérrez, 2018; Stern &
Dickinson, 2010).

2.1. The Nazas Formation

The Nazas Formation (Fm.) is a succession of thick siliciclastic sediments interbedded with subordinate lava
flows, ignimbrites, and volcanic breccias of andesitic to rhyolitic compositions (Barboza-Gudifio et al., 2021;
Busby & Centeno-Garcia, 2022; Lawton & Molina Garza, 2014; Pantoja-Alor, 1972 and references therein). Its
thickness is variable and ranges from 250 to 820 m (Clemons & McLeroy, 1965; Eguiluz-de Antufiano
et al., 2014; Lawton & Molina Garza, 2014; Pantoja-Alor, 1972). The type locality of the Nazas Fm. is in Cerritos
Colorados near Villa Judrez, Durango (Figure 2E; Lawton & Molina Garza, 2014; Pantoja-Alor, 1972). Some
hypabyssal bodies with intermediate chemical composition and similar age have been attributed to the Nazas Fm.
(Barboza-Gudifio et al., 2021; Jones et al., 1995; Lépez-Infanzon, 1986). These intrusive bodies have been
interpreted both as a rift setting related to the break-up of Pangea (Busby & Centeno-Garcia, 2022; Martini &
Ortega-Gutiérrez, 2018) and arc-derived rocks (Barboza-Gudifio et al., 2008, 2021; Bartolini et al., 2003;
Gonzélez-Leon et al., 2021; Mauel et al., 2011; Zavala-Monziviis et al., 2012). Busby and Centeno Garcia (2022)
summarized all the reported ages of the Nazas formation and all the possible known correlatable igneous rocks in
the US and NW Mexico. The oldest reported ages for the Nazas formation are 193.3 + 1.5 (U-Pb LA-ICP-MS in
zircon; Barboza-Gudifio et al., 2021; Busby & Centeno-Garcia, 2022 and references therein) to as young as
158 + 4 (Busby & Centeno-Garcia, 2022; Jones et al., 1995 and references therein).

2.2. Jurassic Red Beds

The Nazas Fm. changes laterally and is overlain with a Jurassic pre-Oxfordian sedimentary succession of red
sandstone, siltstone, conglomerate, breccia, and volcaniclastic reddish beds (Busby & Centeno-Garcia, 2022;
Zavala-Monsiviis et al., 2012). These materials were deposited in continental to marine transitional environments.
Two formations have been defined: La Joya and La Boca Formations which are commonly addressed as Jurassic
red beds (Barboza-Gudifio et al., 2008, 2010; Fastovsky et al., 2005; Imlay et al., 1948; Mixon et al., 1959; Rubio-
Cisneros et al., 2011). The La Boca Formation is a lateral to overlying variation of the Nazas Fm. (Rubio-Cisneros
& Lawton, 2011; Zavala-Monsiviis et al., 2012). It has two informal members that are separated by an angular
unconformity that ranges from a few degrees (10-20°) to 70° locally in the Huizachal Valley, an angle that in-
creases in the vicinity of rhyolite intrusions (Rubio-Cisneros & Lawton, 2011). The (a) lower member consists of
lapilli tuffs, lava flows, volcanic breccias, and ignimbrites interbedded in greater proportion with volcaniclastics
and detritus derived primarily from coeval volcanic rocks that represent deposits from the Nazas volcanic activity
(Rubio-Cisneros & Lawton, 2011). The volcanic component in the La Boca Formation gradually decreases toward
the top of the stratigraphic unit. The (b) upper informal member of this formation is mostly red siliciclastic strata.
These rocks fine upwards in a conglomerate, sandstone, and siltstone succession (Fastovsky et al., 2005). The
reported maximum depositional age (youngest detrital zircon) for the La Boca Formation is 184—183 Ma for the
lower member and 167 Ma for the upper member (Rubio-Cisneros & Lawton, 2011). La Boca Formation and the
Nazas Fm. are overlain by LaJoya Formation, a siliciclastic unit with a basal fining upward conglomerate to reddish
siltstone and mudstone. It was deposited in continental to a marginal marine environment with subordinate
freshwater limestone and is overlain by the upper Jurassic-Paleogene marine sedimentary cover that starts with the
Oxfordian Minas Viejas evaporites (Padilla y Sanchez, 1985; Rubio-Cisneros & Lawton, 2011; Salvador, 1987).
The youngest detrital zircon ages of La Joya Formation are 166.2 &+ 1.9 Ma at the top of this unit in Real de Catorce
(Barboza-Gudifio et al., 2012), and 158.36 £ 1.2 in the La Ballena area (Wengler et al., 2019) in Huizachal Valley
was bracketed as Callovian in age (Rubio-Cisneros & Lawton, 2011). During the last recorded episode of horizontal
crustal shortening of the Mexican Fold and Thrust Belt (Upper Cretaceous-Eocene), the Jurassic red beds and the
Nazas Fm. were exhumed by high-angle reverse faults that disrupted the predeceasing structures (Thick-skinned
tectonics; e.g., San Julian Uplift “A” in Figure 2; Fitz-Diaz et al., 2018; Ramirez-Pefia & Chavez-Cabello, 2017;
Ramirez-Peiia et al., 2019; Williams et al., 2021) and in some areas developed antiformal stack structures
(Figure 2B; Gutiérrez-Navarro et al., 2021).

3. Paleomagnetism in the Sierra Madre Oriental

Paleomagnetic studies in the curved sector of the Sierra Madre Oriental are scarce. We thoroughly reviewed the
published literature and identified only nine research documents containing paleomagnetic directions in Mesozoic
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to Oligocene rocks (Belcher, 1979; Clement et al., 2000; Gonzalez-Naranjo et al., 2012; Gose et al., 1982; Kleist
etal., 1984; Molina Garza, 2004; Nemkin et al., 2019; Nowicki et al., 1993; Warrior, 2008) (see Table 1 and Table
S1 in Supporting Information S1). From these studies, six of them suggested vertical axis rotations of variable
magnitudes (Clement et al., 2000; Gose et al., 1982; Kleist et al., 1984; Nemkin et al., 2019; Warrior, 2008).
However, all of the rotations were considered as local features (e.g., Nemkin et al., 2019; Warrior, 2008) or even
spurious (e.g., Clement et al., 2000). Unfortunately, none of the data sets disclose data to the specimen level and
therefore they cannot be faithfully re-interpreted. The reviewed studies do provide site or locality averages. To
evaluate the reliability and trustworthiness of the presented data sets, we have established a series of quality
criteria for the data following the most recent paleomagnetic consensus (Gerritsen et al., 2022; Meert et al., 2020;
Sapienza et al., 2023). We discarded sites/localities when one of the following criteria was not satisfied: (a)
Specimens were stepwise demagnetized; (b) directions were obtained by principal component analysis of at least
4 points; (c) Sufficient structural data and field tests were provided (fold, conglomerate, or baked contact test) to
allow us to establish a relative timing of magnetization; (d) Sites with more than three specimens show k > 40
(otherwise they may not represent a single spot reading of the geomagnetic field); (e) localities consist of at least 7
independent spot readings of the geomagnetic field; (f) Localities show 10 < k < 85 (poor concentration
parameter k may indicate structural or magnetization problems and very high k are likely to represent spot
readings). In some cases, we performed a parametric resampling (Deenen et al., 2011; Koymans et al., 2016) to re-
evaluate the effectiveness of the field tests provided by the authors (i.e., Nemkin et al., 2019) or to average out
repetitive localities that were too close to each other and showed consistent values (i.e., Molina Garza, 2004).
Nowicki et al. (1993) reported four localities that do not pass a fold-test from Lower Cretaceous units near the area
of Torreon Coahuila in the Sierra Madre Oriental (Figure 2). After applying the criteria only two localities
(Localities 2 and 4) were accepted from this work (see Table 1 and 1). Clement et al. (2000) mention several
localities but unfortunately only report two of them in the Sierra Madre Oriental. They both account for a positive
fold test and reversals and are considered primary (ca. 130 Ma). Although the structural data provided would not
be enough to pass our criteria, we could retrieve structural data from the sampled outcrops from Chavez-Cabello
et al. (2011). Both localities of Clement et al. (2000), give almost opposite declinations without changes in
inclination. After reviewing Chavez-Cabello et al. (2011) we conclude that such a significant vertical axis rotation
is local and due to a strike-slip fault. Nemkin et al. (2019) report several localities along the trace of the Monterrey
salient of the Sierra Madre Oriental. The results were interpreted as post and syn-folding in origin. However, in
some of the cases fold axes plunge steeply, which hinders both the interpretation of the fold test and the decli-
nations. From their extensive data set, only four localities passed the criteria. To avoid relying on previous in-
terpretations, and since structural data was properly addressed, we performed the fold tests (Tauxe &
Watson, 1994) again using the provided data and also parametrically resampling it (Tauxe, 2010; Tauxe &
Watson, 1994). We found that the fold test containing localities 4—6 from Nemkin et al. (2019) was better
interpreted as post-folding rather than 35% syn-folding. The differences in declination between both analyses are,
however, not significant (Table 1 and Table S1 in Supporting Information S1).

The different Triassic sites studied by Molina Garza (2004) that passed the criteria were averaged out as a single
locality. These directions count with a baked contact test and show very similar directions with Paleozoic
overlying strata. Gonzalez-Naranjo et al. (2012) collected 368 oriented core samples in 50 sites in the Panalillo
Ignimbrite (Oligocene in age). 20 of the sites passed the quality criteria and were averaged out as a single locality.
All localities that passed the criteria were processed and are listed in Table 1 and shown in Figure 2. The
remaining sites were excluded from any further analyses (see Table S1 in Supporting Information S1 for details).

4. Sampling and Methods
4.1. Sampling Strategy

Our collected samples came from outcrops of the Nazas, La Joya and La Boca formations in central and NE
Mexico (e.g., Barboza-Gudifio et al., 2004; Busby & Centeno-Garcia, 2022). We collected a total of 620 core
samples of 2.5 cm diameter with a gas-powered drill and oriented them with a Pomeroy orienting fixture and a
Brunton Pocket Transit compass. 355 cores come from the Nazas Fm. and the remainder 265 from the red bed
formations. In some localities, we also collected oriented blocks and later drilled them in the laboratory. The
samples were collected in localities representing different trends of the Sierra Madre Oriental curvature (stars in
Figure 2, letters of locality correspond with the descriptions below).
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Table 1
Final Mean Directions Used for Interpretation in Geographic and Tectonic Coordinate Systems
A95 Coordinates
N Ns mDec mlinc k a95 K A95 Min Max ADx Alx Polelng Polelat Lat. Long. R AR
Geographic
(A) Mina San Miguel 91 101 28576 2095 10.15 49 175 3.65 197 478 372 6.6 17572 1644 2489 —102.15 —60.65 5.49
Caopas* 51 69 270.73 17.59 10.1  6.61 134 566 249 689 5.73 10.54 180.79 538 24.83 —102.20 —75.34 6.68
Nazas North* 24 32 261.63 2674 837 10.89 7.94 11.21 3.37 11.07 11.57 19.02 190.08 —2.68 24.94 —102.24 —73.94 9.54
(B) Realde Catorce 89 91 34691 4295 4141 236 37.13 249 199 485 275 325 18505 77.02 23.70 —100.89 311 345
(C) Charcas 41 41 22,02 -—5.05 5298 3.1 7596 258 272 79 258 513 36.02 56.55 23.10 —101.17
(D) Huizachal 75 89 337.07 20.87 13.8 457 22,65 3.52 213 54 358 636 151.59 57.74 2359 —99.23
NEM4-6 21 21 339 31.1 29.17 599 3723 528 355 1205 551 845 6092 82.04 2491 —99.93
NEM-12/13 15 15 35691 49.29 25.87 7.66 20.89 8.57 4.06 1489 992 9.75 233.61 8345 2549 -100.36
NEM-24/25 10 10 343.61 54.16 79.55 545 4951 693 478 1922 844 7.03 20746 7293 2548 —100.42 250 8.79
NEM-26/27 13 13 287.84 44.68 69.29 502 73 488 43 1629 545 6.15 188.07 2621 2539 —100.80 —53.09 6.97
CLE-SR 8 91 5531 3758 13.87 425 1447 4.16 202 496 445 599 339.11 41.19 25.10 —100.22 72.09 4.47
CLE-CT 47 47 317.06 4544 5096 294 4372 3.18 2.57 725 357 394 18296 51.66 25.10 —100.33 —25.70 4.29
NOW-LOC2 27 27 33679 44.16 31.24 5.05 2691 546 321 1028 6.07 694 17502 69.03 2527 —103.77
NOW-LOC4 10 10 328.16 37.89 4147 7.59 474 7.09 478 1922 7.61 10.17 167.17 61.09 2498 —103.25
MG 8 9 341.63 3.94 30.79 10.14 4941 796 522 22.12 796 1586 110.53 60.65 26.50 —103.00 -—7.35 10.64
GN 22 22 33973 31.62 52.83 43 69.16 3.75 349 11.7 393 596 15926 70.36 22.10 —101.00
Tectonic
(A) Mina San Miguel 73 101 294.81 3517 745 6.53 879 594 216 549 63 892 18579 3291 2489 —102.15
Caopas* 51 69 270.73 17.59 10.1  6.61 134 566 249 689 5.73 10.54 180.79 538 24.83 —102.20
Nazas North* 25 37 26296 2746 12.89 839 1445 7.89 331 1079 8.15 1326 19526 —9.64 2494 —-102.24
(B) Real de Catorce 85 91 326.73 39.72 981 5.17 13.52 434 2.03 499 47 6.02 182.15 56.07 23.70 —100.89
(C) Charcas 41 41 2035 307 5274 3.1 7587 258 272 79 269 415 3.04 69.79 23.10 —101.17 2544 3.90
(D) Huizachal 78 89 333.16 27.02 10.17 529 1586 4.16 2.1 527 429 7.03 162.1 57.42 2359 -99.23 —10.74 6.48
NEM4-6 14 21 9.83 —2227 3039 7.33 6648 491 4.18 1555 501 876 11055 59.37 2491 —99.93 1456 7.03
NEM-12/13 15 15 35691 49.29 25.87 7.66 20.89 8.57 4.06 1489 992 9.75 233.61 8345 2549 -100.36 8.48 10.57
NEM-24/25 10 10 343.61 54.16 79.55 545 4951 693 478 1922 844 7.03 20746 7293 2548 —100.42
NEM-26/27 13 13 287.84 44.68 69.29 5.02 73 488 43 1629 545 6.15 188.07 2621 2539 —100.80
CLE-SR 8 91 5531 37.58 13.87 4.25 1447 4.16 202 496 445 599 339.11 41.19 2510 —100.22
CLE-CT 47 47 317.06 4544 5096 294 4372 3.18 2.57 725 357 394 18296 51.66 25.10 —100.33
NOW-LOC2 27 27 336.79 44.16 31.24 5.05 2691 546 321 1028 6.07 694 175.02 69.03 2527 —-103.77 —-6.86 7.62
NOW-LOC4 10 10 328.16 37.89 41.47 7.59 474 7.09 478 1922 7.61 10.17 167.17 61.09 2498 —103.25 —16.84 10.86
MG 8 9 341.63 394 30.79 10.14 4941 796 522 22.12 796 1586 110.53 60.65 26.50 —103.00
GN 22 22 33973 31.62 52.83 43 69.16 3.75 349 11.7 393 596 15926 70.36 22.10 —101.00 —10.79 6.88

Note. All localities are shown as normal polarity. N number of demagnetized specimens, Ns number of specimens that passed the Cutoff, mDec mean declination, mInc
mean inclinationg, k precision parameter, a95 radius of the 95% confidence cone about site-mean direction, K precision paramenter of the poles, A95 radius of 95%
confidence circle around paleomagnetic pole, A95 min and A95max describe the minimum and maximun values of A95 allowed to considered the average repre-
sentative. ADX, uncertainty in declination; AlIx, uncertainty in inclination, R observed rotation in reference to the asumed time of magnetization adquisition. +
(—Counter) Clockwise. A, B, C, D are referenced in Figures 2, 8, and 9 * Locality shows high VGP elongation see text for detail. (NEM: Nemkin et al., 2019; CLE:
Clement et al., 2000; NOW = Nowicki et al., 1993; MG = Molina Garza, 2004; GN = Gonzélez-Naranjo et al., 2012).
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(A) San Julidn Uplift (24.837°N, —102.174°E)

The San Julian Uplift is a structural block that exposes the stratigraphic boundary between the sedimentary cover
and the Nazas Fm. and the largest outcrop of the Nazas Fm. in Mexico. The block was exhumed during the Eocene-
Oligocene thick-skinned tectonic event (Guerra Roel, 2019; Ramirez-Pefia, 2017; Ramirez-Pefia & Chévez-
Cabello, 2017). The “thick-skinned” faults cut in high angles the pre-existing curved structure of the Cretaceous
“thin-skinned” folds and thrusts (Figure 2). In this area, the Nazas province is represented by the Nazas Fm.
(Figures S1A | and S1A; in Supporting Information S1), and the Caopas laccolith body (Figure S1A, in Supporting
Information S1) (Nazas Fm. In this area the Nazas Fm. shows foliation and low metamorphic grade of greenschist
facies with chlorite). The zircon U-Pb age for the Nazas Fm. in this locality is 174 + 2 Ma (Ramirez-Pefia, 2017).
The Caopas laccolith corresponds to a Middle Jurassic hypabyssal body of intermediate composition emplaced in
the Nazas Fm.. This body shows a porphyritic texture and, in its upper part, evidence of dynamic metamorphism
(porphyroblasts and mineral lineation; Figure S1A, in Supporting Information S1). The Caopas intrusive yielded a
U-Pb zircon age of 165 + 3 Ma (Ramirez-Pefia, 2017). From this area, we collected 256 samples in three separate
localities: Mina San Miguel (coded MSM), Nazas North (ALI, NRN), and the Caopas intrusive body (MIC, MIR,
MIRN; Table S2 in Supporting Information S1) and the Nazas N locality was sampled in the northern part of the
uplift. All the samples belonging to the MSM area and sites Micl, Mic2, and Mic3 of the Caopas intrusive were
drilled in situ (10-15 samples per site). The rest of the sites of the Caopas area (Mic4-Mic7) were collected as
oriented blocks (one per site). From each block, we obtained four cores in the laboratory. The poor outcrop exposure
of the lava flow succession in the MSM and Nazas N areas, together with their thickness (20-30 m), weathering
conditions, and compositional and textural similarities among flows made the task of identifying individual lava
flows a challenge. The samples corresponding to the Mina San Miguel were collected in an anticline trend/plunge
of 142°/10° that is oblique to the main East-West trend of the structures in the transversal sector of the Mexican Fold
and Thrust Belt, at the eastern border of the San Julidn Uplift (Figure 2A).

(B) Real de Catorce (23.621°N, —100.855°E)

In this locality, the older rocks crop out in the core of an antiformal stack that formed between 91 and 53 Ma
(*°Ar/*Ar age in illite; Gutiérrez-Navarro et al., 2021). Locally the Nazas Fm. unconformably rests atop Triassic
clastic rocks of the Potosi fan (Centeno-Garcia et al., 2005; Silva-Romo et al., 2000) and yielded U-Pb zircon age
of 174.7 £ 1.3 Ma (Barboza-Gudifio et al., 2012). The La Joya Fm. lies unconformably over the Nazas Fm. and
shows deformation features that suggest that it acted as a decollement, which was developed in the Late
Cretaceous during the thin-skinned deformation event (Gutiérrez-Navarro et al., 2021). We sampled 103 cores
each in a single fine-grained bed from a 60 m thick succession of sandstones. The samples were distributed in 16
groups labeled RC11-RC26 (Figures S2B and S2D in Supporting Information S1).

(C) Charcas, San Luis Potosi (23.131°N, —101.188°E)

The Nazas Fm. in Charcas was dated (U-Pb in zircon) in 179 + 1 Ma (Zavala-Monsivais et al., 2012). The
structure and tectonic mechanisms have not been studied in detail in this locality, simply described as an anti-
clinorium, but the structure is in the same crustal block as the Real de Catorce locality.

In this locality we collected samples along the San Antonio River covering about 80 m of the exposed strati-
graphic succession of the Nazas Fm. (Figure S2C in Supporting Information S1). We collected 60 cores from 10
sites of the Nazas Fm. labeled CHA-1 to CHA-10 that cover four different andesitic lava flows, interbedded tuff,
and epiclastic deposits. Each sampled site corresponds to distinct units no thicker than 2 m, except for sites CHA-
1 and CHA-2 which were collected from a single epiclastic deposit.

(D) Huizachal Valley (23.588°N-99.222°E)

The locality contains outcrops of the Nazas Fm. in the core of a structural dome and is overlain by the Jurassic red
beds of the La Boca and La Joya Formations (Rubio-Cisneros & Lawton, 2011). .Detrital zircon analysis in this
locality places the maximum deposition age of the La Boca Formation at ~190 Ma (Rubio-Cisneros & Law-
ton, 2011). We drilled 105 samples from La Joya and La Boca Formations in this locality. The sampled formations
crop out at the core of an anticline along the valley. Seven sites, with a total of 45 samples, labeled HUI42-HUI48
correspond to La Boca Formation, which consists of fine to coarse red sandstones. Samples were collected in the
middle portion of the upper member, closer to the anticline axis. 62 cores distributed in nine sites labeled HUI28—
HUI40 were collected from the La Joya Formation on the northwestern limb of the anticline, in an outcrop that
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lays along a secondary dirt road approximately 1 km SW from the previously sampled La Boca Formation. Each
site sampled comprises a single stratum of about 2 m thick.

(E) Villa Judrez, Durango (25.501°N, —103.621°E)

The local age of the volcanic rocks of the Nazas Fm. in this locality is 182.9 + 2.5 Ma (Barboza-Gudifio
et al., 2021). We collected 2-3 oriented blocks in each of the 17 sites (labeled NAO1-NA17) from 4 individual
andesitic lava flows. We obtained a total of 85 cores from the oriented blocks. Lava flows are interbedded with
volcano-sedimentary rocks. The sampled blocks were collected in the limbs of the Villa Juarez anticline (axis'
trend/plunge = 315°/18°) which do not show evidence of penetrative deformation (Figures S2E and S2F in
Supporting Information S1). Although the precise age of the folding is unknown, the structure is attributed to thin-
skinned deformation coupled with the buttressing effect of the Coahuila block, an adjacent basement high.
Sediments accumulated in the basin were thrusted over the southern margin of the continental block during the
Late Cretaceous (Lawton & Molina Garza, 2014).

4.2. Methods

We selected representative samples for rock magnetism, scanning electron microscope imaging and anisotropy of
the magnetic susceptibility. We analyzed all samples to obtain paleomagnetic directions.

4.2.1. Rock Magnetism

Isothermal Remanent Magnetization (IRM) curves and Hysteresis loops were obtained at the Paleomagnetism
and Magnetism Laboratory at the Centro de Geociencias of the Universidad Nacional Autonoma de Mexico. The
procedure was carried out using an in-house built impulse magnetizer (fields up to 5 T) and in some cases, a
Micromag model 2900 with 2 T magnets, Princeton Measurements Corporation, noise level 2 x 107 Am?. The
acquired magnetization from the impulse magnetizer was measured in a JR6 spinner magnetometer from AGICO.
In this process, we induced an IRM in a progressively increasing field (20-2,900 mT) and afterward, we applied a
back-field demagnetization in a progressive order (10700 mT) following the method described by Kruiver
et al. (2001). The Micromag IRM tests were carried out at room temperature and a field of 1 T was applied
gradually in 10 mT increments. As for the hysteresis loops the maximum applied field was 1 T in increments of
20 mT on an average time of 600 ms. Sample mass ranged from 40 to 50 mg and were measured using a P1
phenolic probe. IRM curves were unmixed using the MAX Unmix web application (Maxbauer et al., 2016) to
determine the main magnetic minerals contributing to the cumulative IRM.

The thermomagnetic curves were obtained in different labs. The Villa Juérez locality was analyzed at the Ivar
Gizver Geomagnetic Laboratory (University of Oslo) on a Kappabridge AGICO MFK1-FA equipped with a CS-4
furnace and processed with Cureval8 (AGICO) (Chadima & Hrouda, 2009) and were corrected for stability values
and density. We measured the magnetic susceptibility in runs from 0° to 700°C. The San Julidn locality, was
measured in an in-house built horizontal translation type Curie balance with a sensitivity of approximately 5 x 10™°
Am? in the Paleomagnetism and Rock Magnetism Laboratory of the Centro de Geociencias, Universidad Nacional
Autonoma de Mexico (UNAM, Queretaro). Due to the small amounts of magnetic material in some of the samples,
the tests were carried out on concentrates previously separated using hand magnets. Between 300 and 400 mg of
ground, sample was used for each experiment. The Curie balance was programmed to continuously heat the sample

to 700°C and gradually cool to room temperature at heating and cooling rates of approximately 10°C min™".

4.2.2. Anisotropy of the Magnetic Susceptibility and Scanning Electron Microscopy

We used Anisotropy of Magnetic Susceptibility (AMS) as a proxy for describing deformation in weakly deformed
rocks (e.g., Parés, 2015; Weil & Yonkee, 2009). The shape of the AMS ellipsoid (graphically represented with its

> ki« > ki) depends on different features such as the orientation of mineral grains, compo-

three axes: k., int

sitional layering, the crystallographic orientation of individual minerals, distribution, and size of microfractures,
and the grain shape and size (e.g., Butler, 1992; Tarling & Hrouda, 1993). The analyses were carried out in a
Kappabridge model KLY-3 in the Paleomagnetism and Rock Magnetism Laboratory of the Centro de Geo-
ciencias, Universidad Nacional Autonoma de Mexico (UNAM) in Juriquilla Queretaro, Mexico. We present the
AMS ellipsoid in terms of equal area projection and shape parameter graphs both Flinn (1962) and Jelinek (1981).
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We analyzed several samples using a Scanning Electron Microscope (SEM) model TM-1000 Hitachi equipped
with energy-dispersive X-ray spectroscopy (EDS: Oxford). This procedure was done in the Laboratory of Crustal
Fluids in the Centro de Geociencias, Universidad Nacional Autonoma de Mexico (CEGEO UNAM, Queretaro).

4.2.3. Paleomagnetism

All samples were progressively demagnetized using thermal (TH) or alternating fields (AF) demagnetization
procedures. The processing of the samples collected for this work was carried out in different laboratories. The
Villa Juarez Locality was measured in the shielded room of the Ivar Giever Geomagnetic Laboratory in Norway,
which is equipped with a furnace model MMTD80A for TH,an AF degausser LDA-3A and a superconducting
rock magnetometer WSGI model 755 (2G Enterprises). Part of the Samples from the Charcas, Real de Catorce
and Huizachal Valley were demagnetized in the University of Texas at Dallas (UTD, Geoscience Department
Paleomagnetism and Rock Magnetics Lab) using a cryogenic magnetometer 2G Enterprises, using AF as method.
The rest of the localities were demagnetized in the Paleomagnetism and Rock magnetism laboratory in the Centro
de Geociencias, UNAM, Queretaro, using a shielded furnace with a heating capacity of up to 640°C and a AGICO
JR-6 spinner magnetometer. The remanent magnetization was measured using an AGICO JR-6 spinner
magnetometer.

The paleomagnetic directions were analyzed with Paleomagnetism.org software (Koymans et al., 2016, 2020),
which uses principal component analysis to define magnetic components (Kirschvink, 1980) and Fisher (1953)
statistics to calculate averages and errors in directions and virtual geomagnetic poles (VGPs). We have repre-
sented the directions graphically in both Zijderveld (1967) and equal area projection diagrams. We have
considered as a direction only those with five or more demagnetization steps in line and maximum angular de-
viation (MAD) <15° (McElhinny & McFadden, 1999). We applied a 45° cut-off in each site to discard outlying
points. We also used the McFadden and McElhinny (1988) method of combining great circles and best-fitted set
point directions for samples where components were difficult to isolate. Two localities allow for a fold test (MSM
and Real de Catorce localities).

Additionally, the reliability of each data set was tested with Deenen et al. (2011) criterion that evaluates the scatter
of VGPs. This criterion denotes that when the VGP scatter can be attributed solely to paleosecular variation
(PSV), the VGP distribution tends to be circular. Nonetheless, unaccounted structural corrections, inclination
shallowing, and or vertical axis rotations may add additional scatter (i.e., ellipticity) to the associated distribution.
Finally, to test the reliability of data from unique lava flows, we have compared the differences between the
average of site means within a locality against the average of all individual directions.

5. Results
5.1. San Julian Uplift
5.1.1. IRM and Hysteresis

The IRM results show noisy curves and are similar for most of the samples. The minerals that hold the NRM for
the volcanic samples reach saturation in the range below 400 mT. suggesting that their remanence is controlled by
ferrimagnetic phases (probably Ti-magnetite; Gubbins & Herrero-Bervera, 2007; Figures S3a and S3b in Sup-
porting Information S1). We measured 26 representative samples. The coarse grain texture of the Caopas laccolith
along with the scarcity of magnetic minerals resulted in noisy results (dia-/para- magnetic) for the intrusive rock
samples. Although the curves did not reach saturation at 1 T, both interpretable results show hysteresis loops that
resemble those of superparamagnetic magnetite (grain size <10 nm; Dunlop & Ozdemir, 1997) with a possible
minor content of a hard phase (likely hematite: Figure 3a). The NRN sites of the sampled andesites from Nazas
North area show a hysteresis loop with a high coercivity phase that does not saturate at 1 T (Figure 3b), we
interpret this phase as hematite (Gubbins & Herrero-Bervera, 2007).

5.1.2. Thermomagnetic Curves

Curves for all the volcanic samples progressively demagnetized when heating, some samples showed sharp drops
in magnetization in temperatures between 600° and 700°C indicative of hematite (O’Reilly, 1984). In other
samples (e.g., MSM3), magnetization started to decrease around the 500°C (Figure S4a in Supporting Infor-
mation S1), which may indicate the coexistence of magnetite and hematite (Dunlop & Ozdemir, 1997). Some
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Figure 3. Rock magnetic properties graphs of representative samples.
Hysteresis loops executed in magnetic field increments of 20 mT on an
average time of 600 ms and corrected for paramagnetic-diamagnetic
influence. The Mina San Miguel area shows a thin waist loop that we
interpret as magnetite (a). The Nazas North loop (b) shows a high coercivity
shape (likely hematite). (c) Total magnetization versus temperature (°C) for
the Caopas laccolith showing hematite and magnetite unblocking
temperatures. (d) Magnetic susceptibility (Kt) versus temperature (°C) curve
for the Villa Juarez locality showing Hematite Red and blue lines represent
heating and cooling, respectively. (e and f) show Gradient Acquisition plots
of IRM acquisition curves of the Villa Judrez locality using MAX UnMix
(Maxbauer et al., 2016). Gray dots and the yellow curve represent the
smoothed IRM data and modeled coercivity distribution, respectively.
Shaded areas represent 95% confidence intervals associated with each
component. These plots show mid saturation (B1/2) of 1.7 for (e) and 2.85
for (f), magnetite, and hematite phases, respectively.

curves showed a subtle presence of sulfides suggested by a small magneti-
zation increase between 400 and 500°C (e.g., De Boer & Dekkers, 1998). On
all the volcanic samples we could only see a major phase with mineralogical
alteration during heating, commonly hematite to maghemite due to temper-
ature increment (Dunlop & Ozdemir, 1997), and in some cases paramagnetic
curves (Gubbins & Herrero-Bervera, 2007). Samples from the Caopas
intrusive show analogous behavior as the volcanic samples (Figure 3¢ and
Figure S4b in Supporting Information S1).

5.1.3. Anisotropy of Magnetic Susceptibility

AMS results for this locality show uniform mean anisotropies close to the
mean (Km = 592.7 x 107°) for both the Caopas and MSM areas. The
anisotropy value (P) is low for the MSM area (<1.02). In contrast, the Caopas
laccolith shows higher but variable values (1.032—1.343). The results for both
areas show close-to-isotropic ellipsoids and no apparent deformation. The
MSM locality, K, axes are parallel to the poles of the lava-flow bedding
resembling an antiformal structure. After unfolding, the K, ;, axes group on
the vertical, following the bedding data, suggesting a pre-folding vertical
fabric (Figure 4 MSM). The Caopas laccolith and the MSM areas show low
anisotropy values coherent with isotropic ellipsoids (Figure S5 in Supporting
Information S1). The Caopas laccolith shows a good grouping of the K, ;,
axis on the vertical which is representative of an internally undeformed
intrusive body that only recorded the effects of magmatic flow and gravity
(Figure 4 Caopas). At the same time, the general direction of the magnetic
lineation (K,,,) corresponds to the direction of the mineral lineation (NE-
SW) observed on the field (Guerra Roel, 2019).

5.1.4. Scanning Electron Microscopy

The MSM images show the presence of anhedral magnetite crystals sur-
rounded by hematite weathering rims. Hematite is also present as a secondary
mineral that fills fractures and, to a lesser extent, along the crystal cleavages
of amphibole phenocrysts (Figures 5a and 5b, see also Figure S6 in Sup-
porting Information S1).

5.1.5. Paleomagnetism

AF demagnetization was ineffective due to the presence of hematite. Upon
demagnetization, we identified a Characteristic Remanent Magnetization

(ChRM) with a downward inclination and westerly direction, isolated between 500 and 580°C and 40-60 mT
(Figure 6). We named this component W (for west). This component was present in 12 sites of the Mina San
Miguel (MSM) locality (Figure 7al), 15 sites of the Caopas laccolith (Figure 7a2), and 7 sites of the Nazas North
(Figure 7a3) in a total of 129 samples (see Table S2 in Supporting Information S1 for site level data). The W
component in the MSM area shows a mean dec/inc of 285°/21° (geographic coordinates) downward and single
polarity with ak of 10; K = 17.4 and A95 = 3.6 (Table 1). The VGP projection is well-rounded and the A95 value
is between the maximum and minimum of the Deenen et al. (2011) envelope, suggesting that the observed

distribution scatter can be explained only as a function of the PSV. The dispersion (k) at the site level ranges
between 20 and 50 with MSM5 and MSM3 over 200 and MSM10 with the lowest (13) (Table S2 in Supporting
Information S1). The fold test (Tauxe & Watson, 1994) shows a maximum between 1% and 31% unfolding
(Figure 7al). This negative fold test reveals that the W component in MSM is the product of a post-folding

remagnetization. The paleomagnetic directions obtained from averaging all site-means and averaging all

analyzed samples share a common true direction (Tauxe, 2010) and k.

The W component in the Caopas laccolith shows progressive demagnetization and high unblocking temperatures
between 400° and 560°C (Figure 6 MIR-2E), and an average dec/inc 271°/18° in geographic coordinates
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Mina San Miguel (MSM)

(Figure 7a2) with a precision parameter k = 10. The VGPs plotted for this
area have a K of 13.40 and an A95 of 5.66 in between the A95 min and
A95max envelope (Table 1). The VGP plot reveals an elliptical shape,
elongated W-E (Figure 7a2). Despite being within Deenen's limits, we think
that the elliptical shape indicates an external cause of additional scatter apart
from PSV. We suspect an unaccounted structural or magnetic acquisition
problem; we will use this result with caution hereafter.

The last group of samples in the San Julian Uplift area Nazas North (Figure 6,
ALI-5D; Figure 7a3) behaves similarly but with larger dispersion for the W
component. This locality lies on the northern part of the San Julidn Uplift and
it lacks reliable structural correction due to poor exposure in the area. The
mean dec/inc of the W component is 262°/27° and has a dispersion parameter
k = 8.3 and A95 = 11°The Nazas North directions in this area show a large
dispersion in declinations, which becomes especially obvious in the VGP

Kint projections quite elongated in the E-W coordinate (Figure 7a3). Its A95 of
® Kmin 11.21 is larger than Deenen's A95max, indicating additional sources of scatter
“) Bedding not attributable to PSV. Although we cannot precisely identify the additional
source of scatter, we think that it might be due to unidentified structural

problems or magnetic acquisition. “Nazas North™ area did not provide a data
Charcas

set with enough quality to quantify vertical axis rotations or latitudinal mo-
tion. However, its average declination and inclination are analogous to MSM
and Caopas intrusive areas reinforcing their meaning.

5.2. Real de Catorce
5.2.1. Paleomagnetism

Samples show a single ChRM component showing a gradual demagnetization
to the origin (Figure 6 RC11-A). Overall results group around two sets of
directions: one with dec/inc = 358°/40° and k = 45 (K = 41, A95 = 2.79),
which is similar to the Holocene GAD for Mexico; and a second one with

Figure 4. AMS results represented in an equal area projection for the reverse polarity dec/inc = 166°/42° and k = 41 (K = 37; A95 = 2.49). These
analyzed sites in the Mina San Miguel, Villa Judrez, Charcas show results of two directions do not share a bootstrapped common true mean direction
the volcanic rocks of the Nazas Fm., and The Caopas Laccolith. Larger (Tauxe, 2010). However, they are not far from it, being the reversed

symbols with black outline represent site mean values. Gray lines represent
bedding. Shape parameter T versus Mean magnetic susceptibility Km, and
shape parameter T versus Anisotropy parameter P graphs, show low degree

component slightly rotated counterclockwise (<10°). The data of this locality
allowed for a fold test (Tauxe & Watson, 1994) (Figure 7b). The fold test is

of anisotropy (see Figure S5 in Supporting Information S1). negative with a maximum grouping between —15% and —5% unfolding. The

VGPs projection shows a rounded shape (Figure 7b). By flipping the reversed
directions, we obtain a mean dec/inc of 347°/43°k =41, K =37, A95 =2.49
(Table 1, see also Table S3 in Supporting Information S1).

5.3. Charcas
5.3.1. Anisotropy of Magnetic Susceptibility

The magnetic susceptibility (Km) in the Charcas locality, varies from 1.209 x 10™* to 3.353 x 10™* with a mean
value of 2.078 x 10 *and aP = 1.24. Samples from sites CHA1, CHA2, CHA4, CHA9, and CHA10 show oblate
geometries. Sites CHA3, CHAS, and CHA8 show both prolate and oblate, and CHA6 and CHA7 only show
prolate geometries (Figure S5 in Supporting Information S1). K, ;, axes are parallel to the poles of the bedding
except for sites CHA2, CHA3, and CHA6. AMS in Charcas seems to respond, at least partially, to loading
(Figure 4 Charcas).

5.3.2. Paleomagnetism

Sites CHA1, CHA9, and CHA10 (17 samples)show a demagnetization to the origin (Figure 6 CHA-10B) with low
MAD (%5). Samples from sites CHA3, 4, 5, and 6 (22 samples) show little AF demagnetization, due to the
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Figure 5. Scanning Electron photomicrographs of representative samples of the Nazas Fm. in the areas of Mina San Miguel
and Villa Juarez. Photomicrographs of samples collected at the Mina San Miguel area show primary magnetite with
alteration rims of hematite and hematite that grew in the fractures of an amphibole crystal (a and b). The Villa Juarez locality
(c and d) show Fe oxides with compositions and texture of primary magnetite, Ti-magnetite, and hematite.

MIR-2E 0° CHA-10B
Thermal Thermal AF
Up/West Up/West Up/North omT
Geographi Geographic Geographic
-1000 -30000

-5000—
Thermal

-10000 —

20000

-4000 RC11-A NAO7-9A ° Hori.zontal P.roj<.->ction
e, Thermal 20° O Vertical Projection
ALI-5D Geographic Geographic Q) Fitted Great Circle
Thermal — Fitted Direction (PCA)

Up/West
Geographic

-2000-

} 665°

HUI37-G

Thermal

xly
Specimen

5000

600°

Figure 6. Directions obtained from the samples collected are expressed in Zijderveld (1967) diagrams and fitted great circles.
(MSM) Mina de San Miguel locality, (MIR, MIC) Caopas Laccolith, (CHA) Charcas, (ALI) Nazas North are representative
samples from the Nazas Fm. and (RC) Real de Catorce, and (HUI) Huizachal belong to the red beds formations sampled in
Geographic Coordinate system. AF = Alternating Fields Demagnetization, Thermal = Thermal Demagnetization.

PC = Principal Component.
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Figure 7. Equal area projections of the direction vectors of all the localities sampled in this work all shown as normal polarity
but Real de Catarce that shows two polarites. Bootstrapped fold test of the Mina de San Miguel (a,) and Real de Catorce areas
(b). The projections show behavior of paleomagnetic directions during unfolding from 0% (geographic) to 100% (Tectonic;
al and b). Geo = geographic; VGP = Virtual Geomagnetic Poles (for locality mean parameters please see Table 1).

presence of hematite, but all of them tend to the origin with analogous directions to CHA9 and CHA10. The
component was isolated between 35 and 90 mT. CHA3 to CHA10 group well with a dec/inc = 22°/—05° and
k =53; K=76; and A95 = 2.58 (Figure 7c). Samples from CHA1 and CHA?2 fall out of a 45° cut-off (Figure 7c).
The dispersion parameter before and after tectonic correction is k > 50 and K > 70 in both specimen and site mean
averages (Table S4 in Supporting Information S1). This data suggests that sites CHA3-CHA10 may represent a
single spot-reading of the geomagnetic field, either because all sample layers represent a single cooling unit or
because they were quickly remagnetized later.

5.4. Huizachal Valley
5.4.1. Paleomagnetism

We identified a component isolated in the temperature range between 450 and 650°C (e.g., Figure 6 HUI47-B)
combining 57 directions with 33 great circles (McFadden & McElhinny, 1988). This component has a mean dec/
inc of 157°/—21° upwards with a k = 14, K = 22, and A95 = 3° (Flipped in Figure 7d and Table 1, Table S5 in
Supporting Information S1). The VGPs projection shows a roughly circular shape with a slight ellipticity W-E
possibly indicating tectonic-induced scatter (Figure 7d).
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5.5. Villa Juarez
5.5.1. Thermomagnetic Curves

Irreversible curves are evident, and they are indicative for mineralogical alterations during heating, in most of the
curves a drop in susceptibility is noticed around the Curie temperature for low Ti-magnetite (~580°C, Figure 3d),
and in some cases a subtle drop around the Néel temperature (~700°C; Figure S7 in Supporting Information S1).

5.5.2. IRM

Eleven samples in the Villa Juarez locality were selected for IRM acquisition curves (NAO1, NA02, NAOS, and
NA10 of andesitic and tuff composition along with volcano-sedimentary samples labeled NAO4, NA06, NAO7,
NAOS). The Gradient Acquisition Plots (GAP) show two components in the coercivity spectra. One with a mid-
saturation value log B, between 2.85 and 3 (Figures 3e and 3f), and a second one between 1.7 and 2. Most of the
results show a gradual increment toward 1 T and higher. The samples do not reach saturation at 3 T. The main
contribution to the coercivity spectra is given by the log B,,, >100 mT and <1,000 mT. This is usually accredited
to phases of hematite, which is present in both volcanic and volcano-sedimentary rocks of this locality. The
remaining IRM unmixing graphs are available in Figure S8 of the Supporting Information S1.

5.5.3. Anisotropy of Magnetic Susceptibility

The mean anisotropy value (Km) varies per site from 1.95 x 107 to 1.59 x 107 with mean values of
7.36 x 107%°. Most of the samples show oblate shapes with a low degree of anisotropy (P = 1.026; Figure S5 in
Supporting Information S1). The results of the AMS ellipsoid show widespread distribution and poor grouping
(Figure 4 VJ), this behavior fits well with an undeformed or faintly deformed volcanic rock, which is consistent
with field observations.

5.5.4. Scanning Electron Microscopy

The SEM images were complemented with EDS scans that showed percentages of the elements present in the
minerals. The images for this locality show the presence of Ti-Magnetite set in a non-conductive granular matrix
(Figure 5c). Additionally, lamellar hematite crystals were observed in this locality (Figure 5d, see also Figure S6
in Supporting Information S1).

5.5.5. Paleomagnetism

The Zijderveld diagrams from this locality show a single component that progressively demagnetizes to the origin
(Figure 6 NAQO7). The ChRM components were isolated at high temperatures (~450-700°C). At the site level, the
direction means show high precision parameters in all samples but three (k > 45), whereas 5 out of 10 sites with
n > 3 samples show k > 100. We consider all sites spot readings of the geomagnetic field. However, site averages
do not concentrate (Figure 7e) (k < 2, without a cut-off and k = 13 after discarding more than half of site av-
erages). Some site directions may represent reversed chrons, but our data set is too scarce to confirm. For this
reason, we were not able to obtain a mean dec/inc of this locality (also see Table S6 in Supporting
Information S1).

6. Timing of Magnetization

The Mesozoic and Cenozoic geological history of this Sierra Madre Oriental includes a broad spectrum of tec-
tonic processes, including subduction, terrain accretion, large-scale deformation, and magmatism (Centeno-
Garcia, 2017; Fitz-Diaz et al., 2018; Martini & Ortega-Gutiérrez, 2018). Each of these processes may partially or
completely overprint the original magnetizations of the studied rocks. In the following paragraphs, we explore the
magnetization timing of our new data sets.

6.1. Primary Magnetizations

We think that the Villa Juarez locality exhibits characteristics of a primary magnetization. Each site corresponds
to a single lava flow. Lava flows cool rapidly and capture snapshots of the magnetic field. Most of our sites from
the Villa Juarez locality show high concentration parameters (k > 100) that are consistent with spot-readings of
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the geomagnetic field (Deenen et al., 2011; Gerritsen et al., 2022; Figure 7e and Table S6 in Supporting Infor-
mation S1). Some remagnetization processes could produce high concentration parameters (e.g., Pastor-Galan
etal., 2021). However, they would remagnetize all lava flows as a whole in a rather small sampling area like Villa
Juérez. In this locality, the average declination and inclination obtained from each lava flow differ noticeably
(Figure 7e). Site averages fail to group around VGPs that resemble the GAD's PSV, despite the strong consistency
within each lava flow. This peculiar result may be the consequence of a primary magnetization acquired during
the 195-180 Ma lapse, when the magnetic field was unstable and reversed and excursed frequently (e.g.,
Ogg, 2020). In general terms, multiple spot-readings of the magnetic field spanning a sufficient period of time are
required to average out paleosecular variation (PSV; Deenen et al., 2011; Gerritsen et al., 2022). Unfortunately,
the studied outcrops did not include a large enough number of lava flows to average such a highly variable PSV.
The data set, therefore, does not meet the current reliability criteria (e.g., Gerritsen et al., 2022; Meert et al., 2020).
In this locality, we have identified magnetite and hematite as magnetic carriers (Figures 3d-3f). SEM images
(Figures 5c and 5d) show a texture of well-formed euhedral to subhedral crystals of magnetite and hematite with
no apparent neo-forming minerals, signs of alteration, weathering, nor apparent penetrative deformation, which
supports the primary magnetization for the Villa Juarez locality. We, therefore, interpret an Early Jurassic
(195 £ 7 Ma) magnetization corresponding with lava cooling (Barboza-Gudifio et al., 2021).

6.2. Late Jurassic Remagnetizations

The samples collected at three areas of the San Julian Uplift locality (Mina San Miguel, Caopas, and Nazas North)
contain hematite and magnetite documented in rock magnetic analyses and SEM (Figures 3 and 5 and Figures S3,
S4a, S4b, and S6 in Supporting Information S1). The ChRM (W) is carried by magnetite and yields a negative fold
test (Figure 7) indicates that the MSM area was remagnetized post-folding. The similarity between the obtained
directions in the three areas in geographic coordinates and the lack of observed reversals recorded in them support
the idea that the areas of Caopas and Nazas N were also (re)magnetized at the same time as the MSM area. All
three areas of the San Julidn Uplift locality show shallow inclinations (Figure 7) that fit the expected inclination
for the Late Jurassic (Vaes et al., 2023).

The timing of the folding of the anticline sampled in the MSM is unknown. Previous studies have interpreted the
MSM anticline as a drape fold formed in association with a thick-skinned tectonic event. According to this
interpretation, the anticline would have formed during the movement of the reverse fault that exhumed the San
Julian Uplift during the Eocene (Guerra Roel, 2019; Patifio-Mendez, 2022; Ramirez-Pefia & Chavez-
Cabello, 2017). However, the shallow inclinations found in the MSM area in geographic coordinates are not
compatible with a post-Eocene remagnetization (Figure 8). One possibility that could explain the shallow in-
clinations is a rapid post-Eocene remagnetization that yielded a biased shallow inclination due to insufficient PSV
averaging. However, this hypothesis is weak since the VGP shape and k parameters are compatible with correct
averaging of the PSV. We believe that our data aligns better with a Late Jurassic remagnetization driven by the
emplacement of igneous rocks (Anderson et al., 1991; Guerra Roel, 2019; Jones et al., 1995; Ramirez-Pefia, 2017,
Ramirez-Pefia & Chavez-Cabello, 2017).

The weakness of the Late Jurassic remagnetization hypothesis lies in the fact that nobody has suggested a Late
Jurassic origin for the MSM anticline. However, the emplacement of other minor bodies associated with this Late
Jurassic magmatic pulse at the Huizachal Valley (Figure 2) has been blamed for causing the angular un-
conformities between the members of La Boca and between La Boca and La Joya fms (Fastovsky et al., 2005;
Garcia-Obregén, 2008; Rubio-Cisneros, 2012; Rubio-Cisneros et al., 2011). We think that the emplacement of the
Caopas laccolith around 165 Ma might be large enough to generate at least part of the local antiformal structure in
the San Julian Uplift, in a manner similar to that described in Bunger and Cruden (2011) and Wilson et al. (2016).
Subsequent cooling of the Caopas laccolith and post-emplacement fluid circulation could be the causes of the
remagnetization.

We also interpret that the Huizachal locality remagnetized during the Jurassic. Its fold test (Figure S9 in Sup-
porting Information S1) is inconclusive, and we do not have another field test to ascertain a relative timing for the
magnetization in this area. Nonetheless, we found no reversals registered in the samples from this locality, which
spans over 18 million years of the Jurassic (184—166 Ma). We think that a secondary magnetization for the locality
can better explain our results, as the geomagnetic field during that lapse in the Jurassic was extremely variable
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Figure 8. Observed declinations and inclinations from sampled localities and Global Apparent Wander Path of the study area
for North America (Vaes et al., 2023). All localities are represented in geographic coordinates. (a) San Julidn Uplift (MSM,
Caopas, and Nazas North), (b) Real de Catorce, (c) Charcas, (d) Huizachal Valley. Red/Green colored directions are not/
concordant with stable North America. Note that in the northern limb (CCW rotations) the localities of the San Julian Uplift
area show rotations ranging ~60°~~75°, the Nem 2627 locality ~50° and the Cle-CT with 25° all CCW rotations. In
contrast, in the southern limb, Data from Charcas locality (020°/01°) shows a potential clockwise rotation of up to ~30°.
Although Charcas data set may represent a single spot-reading (see Section 5.1), the rotation is large enough to infer that is
significant. The locality Cle-SR show CW rotations of ~70°, this locality suffered local vertical axis rotations and therefore
does not serve as a proxy for the southern limb (see Section 5.1).

(Ogg, 2020). However, the inclinations (Figure 7d), fit with a Late Jurassic remagnetization, no younger than
140 Ma, as they did in the San Julian Uplift locality.

In the Charcas locality, we found eight sites (CHA3—-CHA10) that show a large directional consistency (k = 53 at
specimen level; k = 87 when considering the average of the site means). Such results indicate that either CHA3 to
CHAI10 sites correspond with a single cooling unit or that all sites were remagnetized simultaneously (Figure 6
CHA10 and Figure 7c; Table S4 in Supporting Information S1). CHA-1 and CHA-2 sites yielded very different
directions (Figure 7c). Their differences might be explained either by an extreme PSV event during acquisition
(either primarily or during a remagnetization) or by two or three different magnetization events. Unfortunately,
our data set is not large enough to support any of these or alternative hypotheses.

6.3. Postfolding Remagnetizations

Samples from the Real de Catorce locality show a negative fold test (Figure 7b). Folding in the Real de Catorce
area has been dated to between 91 and 60 Ma (Ar-Ar in illite, Gutiérrez-Navarro et al., 2021). In contrast to the
San Julidn Uplift locality, the inclinations in Real de Catorce match those expected for Cretaceous and younger
rocks (<140 Ma; Figure 8). The occurrence of double polarity (Figure 7b) indicates that the samples did not
remagnetize, or at least not completely, during the Cretaceous superchron that ended ~83 Ma (Ogg, 2020).
Hypothesizing a precise age of remagnetization is challenging but considering the post-folding and post-
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Figure 9. Schematic-structural map of the trend of the Sierra Madre Oriental Orocline. Obtained directions from this study as
well as those from the revised literature. Sampled areas: (a) San Julian Uplift (MSM, Caopas and Nazas North), (b) Real de
Catorce, (c) Charcas, (d) Huizachal Valley. Villa Juarez locality was excluded from any further analyses. Directions obtained
from the literature (Now: Nowicki et al. (1993), MG: Molina Garza (2004), Nem: Nemkin et al. (2019), Cle: Clement

et al. (2000), GN: Gonzélez-Naranjo et al. (2012)).

superchron character of the magnetization, we think that a Paleocene-early Eocene remagnetization is the most
likely time.

7. Vertical Axis Rotations: The Sierra Madre Oriental Orocline

The curved nature of the Sierra Madre Oriental in North Central Mexico has often been overlooked. So far, the
only explanations provided consider the curvature a primary feature respect with the formation of the Mexican
Fold and Thrust Belt: significant left-lateral faulting during the Late Jurassic (e.g., Anderson et al., 2005) or an
inherited curvature resulting from a curved portion of the subduction zone (e.g., Molina-Garza et al., 2020).

The Triassic results from Molina Garza (2004, Figure 9), collected in an area unaffected by the deformation of the
Mexican Fold and Thrust Belt, show no rotations compared to the Vaes et al. (2023) GAPWaP for North America.
The new results from the Nazas, La Boca, and La Joya Formations, combined with critically reviewed data sets
(Clement et al., 2000; Nemkin et al., 2019; Nowicki et al., 1993), reveal significant counterclockwise rotations in
the northern limb of the study area (up to 75°) and lesser clockwise rotations in the southern limb (up to 30°) for
rocks that were remagnetized before 120 Ma. Figure 8 illustrates the rotation magnitudes observed in relation to
the Vaes et al. (2023) GAPWaP for North America and the inferred age of magnetization (also listed in Table 1).
Rocks remagnetized during the Paleocene-early Eocene show minor rotations, most of them not significant
enough (Figures 8 and 9).
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Figure 10. Bootstrapped orocline test (Pastor-Galan et al., 2017) for pre-
120 Ma directions (a) and post- 50 Ma (b). Dashed lines with shaded area
represent Total Least Squares (TLS) regression and uncertainty respectably.
(a) Pre- 120 ma Strike test suggests a secondary oroclinal bending/buckling.
The strike of Santa Rosa locality of Clement et al. (2000) (CLE-SR) was
estimated from data in Chavez-Cabello et al. (2004). Nem 24-25 seems to be
an outlier, likely due to its position within the orocline hinge or unaccounted
structural problems. Strike test (b) with slope of 0 suggests that the curvature
of the SMO predates 50 ma.

The vertical axis rotations found in the rocks magnetized during the Jurassic
and Cretaceous correlate with the changes in the trend of the regional
structures (Figure 9). We hypothesize that the curvature of the Sierra Madre
Oriental (Figures 2 and 9) is an orocline sensu Weil and Sussman (2004) and
Pastor-Galan et al. (2017). To test the hypothesis of orocline formation, we
performed two strike tests (Eldredge et al., 1985; Schwartz & Van der
Voo, 1983; Yonkee & Weil, 2010), one for the rocks that magnetized before
120 Ma and another for those which did it after the Paleocene-early Eocene
(Figure 10). The strike tests were performed following the methodology
outlined by Pastor-Galan et al. (2017) using paleomagnetism.org software
(Koymans et al., 2016, 2020). Strike tests evaluate the relationship between
variations in the regional structural trend and paleomagnetic declinations,
distinguishing between two endmembers: (a) a primary curve (slope m = 0),
and (b) a secondary orocline (m = 1). Intermediate slopes indicates a pro-
gressive orocline. For the strike tests, we determined a regional strike for each
site based on satellite images from the sampling area in combination with
geological maps. The strike for the Santa Rosa Canyon (Clement et al., 2000)
locality was determined following the maps and observations of Chavez-
Cabello et al. (2011).

Although our strike tests do not contain enough data to be used as quanti-
tative test (see Pastor-Galan et al., 2017 for details), our data reveals a

significant correlation between strike and declinations. Altogether, the localities with pre-Cretaceous folding
time (older than 120 Ma) plot a slope of 0.95 £ 0.1 (0.93 £ 0.15 if we exclude the Santa Rosa Canyon locality),
indicating that the Sierra Madre Oriental was roughly linear and bent or buckled after 120 Ma (Figure 10a). The

strike test for localities with Paleocene-early Eocene magnetizations shows a slope of 0.09 + 0.14, suggesting

that most vertical axis rotation associated with the curvature of the Sierra Madre Oriental had ceased after ca.

50 Ma (Figure 10b).

Following the strike test analyses, we term the curved structure of NE Mexico the “Sierra Madre Oriental

Orocline.” Since Cretaceous rocks holding pre-folding magnetizations (e.g., Clement et al., 2000; Nemkin

et al., 2019) show the full orocline-related vertical axis rotation, we assign the age of the youngest of these rocks

(120 Ma) as the maximum pre-orocline timing. Additionally, Paleocene-early Eocene magnetizations support

little to no rotation, and the Eocene thick-skinned event is characterized by high-angle faults that cut across the
trace of the orocline (e.g., the Norias fault that borders the San Julidn Uplift “A” in Figure 2; see Guerra
Roel, 2019; Ramirez-Pefia & Chavez-Cabello, 2017). Therefore, we conclude that by Eocene times (ca. 50 Ma),
the orocline bending/buckling had ceased. The available data set cannot provide a more precise kinematic

constraint at this stage; thus, any suggestions for the mechanisms of formation or involvement of deeper litho-

spheric levels during the orocline formation would be highly speculative. Our data do support that the Sierra
Madre Oriental Orocline developed during the Mexican orogen if we consider the timing of Guerrero Terrane
accretion (Late Cenomanian, Martini et al., 2014), Arperos basin closure (Centeno-Garcia et al., 2008), and the

diachronic west to east development of the Mexican Fold Thrust belt and the thick-skinned event (90 and 42 Ma;

Fitz-Diaz et al., 2018).

The occurrence of a large-scale orocline bending or buckling event in the North American Cordillera holds the
potential to change our view of that complex Mesozoic-Cenozoic tectonic system. Understanding the mechanisms
that formed the Sierra Madre Oriental Orocline will provide crucial information toward a detailed understanding

of the Eastern Pacific-Panthalassa subduction system and its role during the break-up of Pangea. In addition, the

kinematics of the Sierra Madre Oriental Orocline have the potential to unravel the tectonic evolution of the
basement highs and cratonic blocks of northeast Mexico. The study of these blocks, thought to be mobile during
the Mesozoic to Eocene, has been typically hampered by the lack of outcrop and scarcity of available geophysics
data sets (e.g., Keppie, 2004; Lawton & Molina Garza, 2014). Further knowledge on the distribution and kine-
matic evolution of these terranes is not only important toward the Mesozoic and Cenozoic tectonic histories but

also to understand the Paleozoic and earlier evolution of North America. We urge for more comprehensive

paleomagnetic and structural data to quantitatively and effectively address this novel and captivating challenge.
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8. Conclusions

¢ We have found significant vertical-axis rotations and a complex history of remagnetizations in the Sierra
Madre Oriental.

¢ We documented two remagnetization events in the Sierra Madre oriental in NE Mexico: (a) a widespread Late
Jurassic remagnetization that affected the Nazas, La Joya and La Boca formations, triggered by the intrusion of
hypabyssal bodies. And (b) a remagnetization event that we dated in younger than 50 Ma.

¢ The observed rotations in the Sierra Madre Oriental imply the formation of an orocline likely occurred during
the Late Cretaceous-early Eocene (120-50 Ma).

¢ We propose the Sierra Madre Oriental Orocline, a 450 km long and ~110° curved mountain belt that spans
from Durango to San Luis Potosi states in Northeastern Mexico.

Data Availability Statement

Raw data is available in the open-access server Zenodo.org (Guerra Roel, 2023). Paleomagnetic directions from
raw and all the interpretations are stored in de data library of Paloemagnetism.org (Koymans et al., 2016, 2020)
and open-source software that follows the FAIR principles, under the Persistent Identifier (PID):
26cc036dbff37a3969eat8d25e17c2cdd2c¢9111165db2190efbf77d879ea7830. Raw directional data is provided in
different files, all of them can be opened with Paleomagnetism.org. Collection files (.col) and comma separated
values (.csv) include all metadata. Anisotropy of Magnetic Susceptibility data corresponds to AGICO “Anisoft”
software version 5.1.08 available at www.AGICO.com.
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