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Basement exposed in the Placer de Guadalupe—Plomosas uplift in northern Mexico provides important clues for the
geologic evolution of the region. The stratigraphic units form stacked thrust sheets of psammitic and calcareous formations,
interlayered with magmatic rock. The eastern calcareous and quartzite formations exhibit structures associated with ductile
deformation, whereas the upper stratigraphic units only contain structures formed via younger brittle deformation. Porphyry
interlayered in the upper Plomosas Formation has a U-Pb zircon age of 171 = 1 Ma. This age is consistent with its
stratigraphic position, interbedded quartzarenites with a maximum depositional age of ~168 Ma. Granite flakes within the
Horquilla Formation are dated at 209 + 3 Ma, and the La Vifiata quartzite exhibits a maximum age of ~193 Ma. The Upper
Plomosas Formation correlates well with the arc-related Middle Jurassic Nazas Formation of northeastern Mexico,
constituting the first report of a Jurassic continental margin arc outcrop in the ‘Central Mexican Gap zone’. We document
Late Norian to Bajocian ages for the stratigraphic units cropping out in the Placer de Guadalupe area. The Jurassic age
cluster indicates that the Nazas Arc magmatism in the region occurred during the Late Triassic and ended in the Middle
Jurassic times. Permian ages previously assigned to these rocks and the occurrence of a Permo—Triassic deformation event

have to be dismissed.
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Introduction

The geologic evolution of northern Mexico involves the
superposition of various orogenic events (Figure 1), result-
ing in a range of Late Palacozoic to Neogene geological
features. The thrust-belt of the Marathon—Ouachita orogen
and the Triassic to Jurassic Nazas magmatic arc are key
elements in the region (Poole et al 2005; Stern and
Dickinson 2010; Barboza-Gudifio et al 2013; among
others). Younger features, such as the Late Cretaceous—
Palacogene Laramide orogen and the Oligocene Sierra
Madre Occidental (SMO) volcanic province, obscure the
link between the eastern and western segments of the Nazas
Arec, resulting in the Central Mexican Gap (Figure 1; Ferrari
et al. 2005). Detailed field work and precise geochronology
are needed to decipher the complex geologic history of this
region.

The Placer de Guadalupe—Plomosas uplift in the state
of Chihuahua hosts the first uranium mine in North
America in 1868 (Gonzales Reyna 1946), yet the geologic
evolution of the Plomosas uplift remains poorly resolved
(Bridges 1962; Boucot and Johnson 1968; Hennings 1994;
Haenggi 2001; Goodell and Feinstein 2008; Barboza-
Gudifio et al. 2013; among others). Despite the scientific
and economic importance of the Guadalupe—Plomosas

uplift, studies of this geological feature of Chihuahua are
scarce, and detailed information is limited to the mining
district (Krieger 1932; Gonzales Reyna 1946; Bridges
1962, 1964; Boucot and Johnson 1968; Goodell and
Feinstein 2008). Geochemical studies are absent, and geo-
chronological data are scarce, unreliable, and usually refer
to specific sites, with the results extrapolated over the
entire range (Wells 1930; Ramirez and Acevedo 1957;
De Cserna et al 1968; Montgomery 1997b).
Consequently, the genesis and evolution of the
Guadalupe—Plomosas uplift remains unclear. For example,
there is no agreement on the time and geological context
of the formations in the uplift or their geological signifi-
cance. Most of the formations are composed of conglom-
erate, sandstone and shale, which do not favour reliable
geochronological determinations (Bridges 1962).

We present new U-Pb geochronologic data for granite
and subaerial acid volcanics (porphyry), and detrital zircons
in sandstone and quartzite from the Guadalupe—Plomosas
uplift in Chihuahua. Our results indicate the existence of a
Jurassic arc instead of Permian foreland sedimentary for-
mations. The Permo—Triassic deformation event has to be
dismissed in favour of a more traditional pre-Laramide
North American Cordilleran orogenic evolution.
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Figure 1. Location map illustrating the trend of the Jurassic continental margin arc through Mexico and the study area location
(modified from Lawton and Molina 2014). Open stars on the map refer to Jurassic U-Pb age localities and ‘M.C.G” M.C.G is defined as
the Mexico Central gap (see Lawton and Molina 2014). Sierra Madre Oriental and Trans-Mexican belt shape a are taken from Ferrari
et al. (2005). The Ouachita Marathon orogenic belt is taking from Poole et al. (2005).

Geological setting

The Plomosas—Placer de Guadalupe uplift is located in the
central part of the Chihuahua Fold Belt and represents the
eastern margin of the Chihuahua basin. The region is
characterized by a succession of endorheic basins and
ranges. The ranges are formed by Late Jurassic to Late
Cretaceous sedimentary rocks folded during the Laramide
orogeny and are covered by undeformed Paleogene volca-
nic sequences (Figures 1 and 2). The basins were filled by
Paleogene volcanic flows and Paleogene to Recent detrital
sediment. Paleogene volcanic rocks in the area are dated
from ca. 46 Ma to ca. 27.5 Ma (Cameron ef al. 1989 and
references therein; McDowell and Mauger 1994) and are
considered part of the SMO volcanic province (Megaw
1990; McDowell et al. 1997, Paz Moreno et al. 2003;
Ferrari et al. 2005 and references therein; Oviedo-Patron
et al. 2010). The first Eocene volcanic flows rest uncom-
formably on Mesozoic rocks at a low dip angle (King and
Adkins 1946; Ferrari et al. 2005 and references therein;
Oviedo-Patron et al. 2010). Their emplacement is attrib-
uted to the succession of extensional events during
Eocene—Oligocene time (McDowell and Mauger 1994;
Ferrari et al. 2005 and references therein).

In this regional geologic context, the Plomosas—Placer
de Guadalupe area includes distinctive geological character-
istics, such as Proterozoic to Palacozoic strata (De Cserna
et al. 1968; Torres et al. 1999), a diverse rock record that
includes Neoproterozoic metamorphic rocks (954.7 + 4 Ma,
Ar-Ar in hornblende, Iriondo ef al. 2004; Mauger et al.
1983), and Palaeozoic calcareous and siliciclastic sedimen-
tary formations. The uplift is also characterized by west-
ward-vergent thrust faults which verge in the opposite

direction of the typical Laramide deformation structures
(Bridges 1962; Hennings 1994; Goodell and Feinstein
2008). Campa-Uranga and Coney (1983) and Barboza-
Gudifo et al. (2013) proposed that the Palacozoic sedimen-
tary formations are related to the Laurentian passive margin
development. The Palacozoic series forms a succession of
calcareous and sandstones formations known as the El
Paso, Cable Canyon, Montoya, Percha, Escabrosa
Paradise, and Horquilla formations. All of these formations
contain mid-Ordovician to Pennsylvanian fauna. In particu-
lar, the Horquilla Formation is characterized by abundant
crinoid stems and fusulinids (fusulina aff., Fusulinella sp.,
Wedekindllina, Pennsylvanian in age, Bridges 1964). The
stratigraphically overlying Lower Plomosas Formation
includes limestone with bryozoan fragments to marl
(Ramirez and Acevedo 1957). The Lower Plomosas
Formation Carboniferous age is determined by crinoids
(Ramirez and Acevedo 1957; Montgomery 1997a) and
cross-cutting dioritic dikes (317 = 16 Ma; K-Ar in horn-
blende, Montgomery 1997b). The Upper Plomosas
Formation includes siliciclastic to conglomerate rock with
interstratified volcanic flows dated 270 Ma (Plomo Alfa; De
Cserna et al. 1968) and is overlain by shale and sandstone
of the Green Formation. Finally, the La Casita Formation is
Kimmeridgian in age, is overlain upon the Green Formation
(King and Adkins 1946), and is composed of intercalations
of sandstone in lutites. Intrusive bodies mapped in the area
were not described and are assumed to be Paleogene in age
(see Figure 2, Mauger et al. 1981; Gonzalez Ramirez 2005).
From NW to SE, the main ranges in which these strata crop
out are the Placer de Guadalupe, the Monillas, the
Plomosas, the Sofia, and the Carrizalillo ranges (Figure 2).
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Figure 2. Detailed geological map of the eastern Sierra de los Cuarzos area, (modified from the Placer de Guadalupe and Plomosa

cartography; Consejo de Recursos Minerales (CRM) 1976).

All of these formed from NW-SE-striking thrusts with a
southwestward transport direction (Hennings 1994,
Haenggi 2001).

Different models have been proposed for formation of
the Plomosas-Placer de Guadalupe area. Bridges (1962)
and Barboza-Gudino et al (2013) proposed Permo—
Triassic compression, generating thrusts and recumbent
folds with tectonic transport to the west. Goodell and
Feinstein (2008) suggest a model of ‘kink band’ structure
that involves a series of tear faults with two stages of
deformation: the first occurred during the Permian—
Triassic period (Late Ouachita orogen), and the second
occurred during the Late Cretaceous and early
Palacocene related to the Laramide orogeny. Hennings
(1994) and Haenggi (2001) preferred a model of propaga-
tion containing an anticline with reverse fault tectonic

transport in a single deformation stage during the
Laramide orogeny.

Analytical techniques

Petrography

Magmatic and sedimentary mineralogy was documented
through field observations and petrographic and scanning
electron microscopy (SEM) analyses. Mineral phases were
identified with a SEM-EDX at the Laboratorio de Geofluidos
in the Centro de Geociencias, Universidad Nacional
Auténoma de México, Querétaro, México (CGEO).

Zircon separation

Rock samples from the granitic flakes, porphyry, and sedi-
mentary formations were collected from five locations
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Figure 3. Geologic map of the study area. Sample locations are indicated by red stars. See Figure 1 for map location. (a) La Vifiata
quartzite; (b) La Vifata granite flake; (c) Horquilla limestone formation; (d) Interlayered porphyry; (e) Upper Plomosa sandstone; (f) San

Blas granite flake.

shown in Figure 3 (red stars). The samples were crushed,
powdered and sieved (200 to 50 mesh). Heavy mineral
fractions were obtained by density preconcentration in
methylene iodide. The non-magnetic fraction was separated
with a Franz isodynamic magnet. Final zircon separates
were randomly hand-picked under a binocular microscope,
mounted in epoxy resin together with a standard (National
Institute of Standards and Technology (NIST)), and subse-
quently polished. Laser ablation target points were selected
on cathodoluminescence images in order to identify zircon
cores and overgrowth zones.

U-Pb age dating

The zircon samples were analysed at the laser ablation
facility at Laboratorio de Estudios Isotopicos (LEI),
Centro de Geociencias, UNAM. The instrument consists

of a Resonetics excimer laser ablation workstation (Solari
et al. 2010), coupled with a Thermo XII Series quadrupole
ICPMS. The laser ablation workstation operates a
Coherent LPX 200, 193 nm excimer laser and an optical
system equipped with a long-working-distance lens with
50-200 um focus depth. The ablation cell is pressurized
with He and is capable of fast signal uptake and washout.
The ablation pit was 34 um diameter, and the pit depth
during the analysis is about 20-25 pm, for a total mass
ablated during each analysis of ~70-80 ng. Seventeen
isotopes are scanned during each analysis, allowing a
quantitative measurement of those isotopes necessary for
U-Pb dating (lead, uranium, and thorium), as well as
detailed monitoring of major and trace elements such as
Si, P, Ti, Zr and rare earth elements (REEs), which can
yield important information on the presence of micro-
scopic inclusions in the zircons (e.g. monazite, apatite, or
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titanite) that produce erroneous age results. For each ana-
lysis, 25 s of signal background are monitored, followed
by 30 s of signal with laser firing with a frequency of 5 Hz
and an energy density of ~8 J/cm? on target. The remain-
ing 25 s is for washout and stage repositioning. We ana-
lysed natural zircon standards for mass bias correction and
for calculation of down-hole and drift fractionation, as
well as NIST standard glass to recalculate U and Th
concentrations in zircon.

Geological and petrological description

The study area forms an E-W transect that is 2.5 km long
by 1 km wide, located 4 km south of the town of Placer de
Guadalupe (Figure 3). To the northeast, the study area
includes the wupper contact between the Horquilla
Formation with the La Vifiata quartzite and ends to the
southwest at the Monillas thrust fault, which juxtaposed
the upper Plomosas Formation above the Jurassic calcar-
eous formation. Rocks in the study area include a succes-
sion of siliciclastic to carbonate sedimentary formations
with different degrees of metamorphism and volcanic and
plutonic intrusions (Figure 4). All of the contacts observed
between the different formations are marked by ~N30°W
thrust faults (see Figures 2 and 3). In the following,
we present a macroscopic and petrographic description
of each formation encountered along the E-W transect
(see Figures 3 and 5).

In the east, the La Vifata quartzite is a tectonic flake of
150 m thickness within the calcareous Permian Horquilla
Formation. Individual quartzite beds are 10-30 cm thick,

with a grainy texture showing a reddish-brown weathering
surface and a white fresh fracture surface. It is a recrys-
tallized quartz arenite with >70% quartz crystals that are
rounded to sub-rounded, and scarce oxidized lithic clasts.
The interstitial matrix exhibits a high degree of oxidation
(see Figure 5A, A’ and A"). The lower contact is tectonic
and sub-parallel to the La Vifata quartzite bedding planes
(N66°W/48°NE).

The contact between the La Vifata quartzite sliver and
the calcareous Horquilla Formation (also known as the
Pastor Formation) is covered by young sediments and
could not be directly observed. The Horquilla Formation
is grey metamorphosed and recrystallized limestone that is
strongly ductilely deformed. Deformation is manifested by
sigma structures and microfolds and an intense penetrative
foliation. Crinoid stems occur in a sparry matrix and shear
zones are visible in thin section (see Figure 5B, B’ and B").
The crinoids suggest a Pennsylvanian to Wolfcampanian
age (Bridges 1964; Montgomery 1997b, 2004).

Several other tectonic flakes, granitic in composition,
appear into the Horquilla Formation (notably the San Blas
and La Vifata flakes among others, see Figure 3). These
were suggested to be mid-Triassic in age based on field
relationships (Hemandez-Noriega and Garcia-Peralta 2005).
A few metres west of the La Vinata quartzite is a
100 m-thick granitic flake that forms part of a major intru-
sion (more than 2 km long and ~150 m thick). Both upper
and lower contacts with the Horquilla Formation are t-
ectonic. The granite exhibits a pink—white weathering col-
our and grey-coloured fresh fracture surfaces. The
macroscopic texture is porphyritic with phenocrysts of

Figure 4. (A and A’): Photographs of ductile deformation in the Horquilla Formation (A, rolling structures; A’, recumbent isoclinal
folds). (B) Field photography of the erosional contact between the interlayered prophyry (~171 Ma) and the Upper Plomosa sandstone
(~168 Ma). (C, D and E) Evolution of the conglomerate composition from the porphyry contact (B) to the Upper Plomosa sandstone (E).
The conglomerate evolution is from a very coarse non-transported conglomerate composed of 100% angular porphyry clasts of pluri-
centimetre size (C) to a coarse transitional conglomerate with 20% angular porphyry clasts versus 80% rounded quartz, limestone and
rock fragments of centimetre size (D) finally to the classical Upper Plomosa medium conglomerate without a trace of any porphyry clasts

(E).
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Figure 5. (A, A’, and A”) La Vifiata quartzite: (A) photomicrograph with plane polarized light of thin section, (A’) photomicrograph
with plane polarized light, and (A") same as A’ with crossed nicols. (B, B’, and B"”) Horquilla Formation: (B) photomicrograph with plane
polarized light of thin section, (B') photomicrograph with plane polarized light, and (B") same as B’ with crossed nicols. (C, C', and C")
La Vidiata granite flake: (C) photomicrograph with plane polarized light of thin section, (C') photomicrograph with plane polarized light,
and (C") same as C' with crossed nicols. (D, D’, and D”) Upper Plomosa sandstone: (D) photomicrograph with plane polarized light of
thin section, (D) photomicrograph with plane polarized light, and (D") same as D’ with crossed nicols. (E, E’, and E") Interlayered
prophyry: (E) photomicrograph with plane polarized light of thin section, (E") photomicrograph with plane polarized light, and (E") same
as E’ with crossed nicols. Definitions are: Qtz, quartz; Lith, lithic fragment; Hm, haematite; KF, potassic feldspar; Crin, crinoid stem;
Shear Z, shear zone; Pla, plagioclase.

quartz and plagioclase. The phenocrysts are dominated by ranging from millimetres to centimetres (for the single
K-feldspar (30-45%) and resorbed quartz (rounded edges crystals and aggregates, respectively). The matrix and pla-
and some crystals show reaction aureole with the matrix, gioclase phenocrysts exhibit slight alteration (sericitization

see Figure 5C, C' and C”"). These have varying sizes and oxidation).



Downloaded by [UNAM Ciudad Universitaria] at 07:48 11 December 2014

2006 J. Villarreal-Fuentes et al.

The footwall of the Horquilla Formation thrust is
dominated by sandstone and conglomerate in upward-
coarsening intervals within the upper Plomosas
Formation. It is characterized by a grey to reddish weath-
ering surface and a dark grey fresh fracture surface with
beds of variable thicknesses ranging from 5 to 60 cm. This
same formation is observed until the Monillas thrust fault
(the main thrust fault) over the Monilla Jurassic anticline.
The formation ranges from ~400- to 500 m thick over the
study area. Although not directly dated, regional correla-
tion and the stratigraphic position of the Upper Plomosas
Formation suggest a late Permian age (de Cserna et al.
1968). Strata trend N60°W/64°NE, with fracturing parallel
to the bedding and joints in the direction N26°E/vertical
and N80°W/62°SW.

The sandstone is quartzarenite, with 85% quartz, 10%
lithic, and less than 5% plagioclase with a texture that is
equigranular with angular to sub-rounded grains.
Additionally, the grains appear to be supported grain to
grain (Figure 5D, D’ and D”). In the Dickinson (1985)
provenance diagram, the Upper Plomosa Formation plots
in the recycled orogenic field.

A volcanic rhyolitic flow is interlayered in the Upper
Plomosas sandstone series. The upper contact is tectonic
and sub-parallel to the Upper Plomosas bedding planes
(N60°W/64°NE). This contact is highlighted by magnetite
and quartz cement along the stratigraphic plane. The lower
contact is an erosional contact with the stratigraphic
sequence inverted. The rhyolitic/sedimentary transition
initiates with monogenic and angular rhyolitic clast con-
glomerate, and breccia that changes to thin alternating
sandstone and fine conglomerate (Figure 4). At the micro-
scopic scale, the lava flow exhibits a porphyritic texture,
with phenocrysts of quartz, potassium feldspar (orthoclase)
and rare plagioclase (Figure 5 E, E’ and E”). The edges of
the quartz exhibit corrosion. The feldspar and plagioclase
phenocrysts show seritization. Some of the quartz and
feldspar crystals are fractured (see Figure 5 E, E’ and E”).
The microcrystalline matrix is formed by silica, and a flow
texture around some phenocrysts is observed.

Magmatic geochemistry

In order to define the rock types and their geodynamical
context, we analysed major and trace elements in the
dated granite flakes, as well as the interlayered-porphyry
samples. The results are presented in Appendix 1 (see
online supplemental material at http://dx.doi.org/10.1080/
00206814.2014.984353).

In the total alkalies—silica (TAS) diagram, the La Vifiata
and San Blas granite flake plot in the quartz-monzonite field
(with a SiO, content of ~65% and ~2.3% K,0) and the K,O/
Na,O ratio (~0.4) is typical of the medium K calc-alkaline
series. Geotectonically, the samples are classified as volcanic
arc granites (Pearce ef al. 1984). Relatively low Rb/Zr ratios

(~0.7) and Nb concentrations (~20 ppm) further indicate a
normal calc-alkaline continental arc (Brown 1994).
Chondrite-normalized (Sun and McDonough 1989) REE
patterns illustrate that granite flakes display a fractionation
from light REE (LREE) to middle REE (MREE) (8.9 < (La/
Yb)n < 10.8), a general absence of any Eu anomalies and a
slight fractionation from MREE to heavy REE (HREE)
(1.5 < (Gd/YDb)y < 1.7) with a concave-upward shape.

The interlayered porphyry, within the Upper Plomosas
Formation, is classified as rhyolite and belongs to the high-K
calc-alkaline series (K,O > 7%) as defined by Peccerillo and
Taylor (1976). The porphyry has high silica content of
~75 wt. % (normalized to 100% volatile-free) and is peralu-
minous (A/CKN: 1.02). The REE patterns display a slight
fractionation from LREE to HREE (La/Yb)y = 10.1, strong
Eu anomalies (Eu/Eu* =37) and a flat pattern from MREE to
HREE (Gd/Yb)y = 1.3. Such characteristics are typical for
other high-silica rhyolites (Mahood and Halliday 1988;
Orozco-Esquivel et al. 2002; Murray 2013).

Geochronology

When possible, geochronological studies were carried out
to locate different formations in a coherent stratigraphic
column. Additionally, in order to correlate the sandstone
formations, grain populations were evaluated, and all grain
analyses were combined into composite probability distri-
butions (Dickinson and Gehrels 1995). The results are
presented in Figures 5 and 6 and Appendix 2 (see
online supplemental material at http://dx.doi.org/10.1080/
00206814.2014.984353).

Detrital Zircon Ages

For the La Vifata quartzite, 116 analyses provide a dis-
persion of *°°Pb/?*® U ages from 2290 + 27 Ma to
193 £ 3 Ma. Five analyses were removed as a result of
high discordance (defined as >20% discordant and identi-
fied in blue in Figures 6) between the *°°Pb/***U and
207pb/233U ages. The remaining 111 results are divided
into six main grain-age populations (see Figures 6 and 7)
that are separated by age gaps exceeding the 1o error of
the individual grains in the adjacent populations. The
recognized grain-age populations are distributed from
1400 to 1450 Ma (seven zircons), 1150 to 1250 Ma (15
zircons), 1000 to 1100 Ma (20 zircons), 600 to 700 Ma
(seven zircons), 350 to 500 Ma (17 zircons) and 250 to
300 Ma (seven zircons). The maximum depositional age
of the La Vifata quartzite is 193 + 3 Ma, based on the
youngest single zircon age, although a more conservative
estimate is ~245 Ma (Early Triassic), which was encoun-
tered in seven zircons grains.

Ninety-nine analyses were performed on the Upper
Plomosas sandstone zircon grains, all within accordance
limit (minimum 80%). The ages obtained show wide
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Figure 6. Tera—Wasserburg diagrams for the U-Pb isotope of zircons from the La Vifiata quartzite, the La Vifiata and San Blas granite
flakes, the Upper Plomosa sandstone, and the interlayered porphyry within the Upper Plomosa sandstone. Diagrams, ages and errors (1s)
were generated using the Isoplot 3.71 program (Ludwig 2008). The green ellipses correspond to the youngest single zircon ages. The red
ellipses represent the analysis used for the determination of the crystallization ages (right column) and age populations (left column).

dispersion from 2747 £ 25 Ma to 168 £+ 2 Ma (see Figures
6 and 7). The statistical distribution of different grain-age
populations allows the determination of four clusters of
ages ranging from 1000 to 1100 Ma (20 zircons), 600 to
700 Ma (eight zircons), 350 to 500 Ma (23 zircons) and
250 to 300 Ma (14 zircons). The youngest zircon, repre-
sentative of the maximum deposition age, has a reported
age of 168 + 2 Ma. Until ~256 Ma, no well-defined peak
is close (see Figures 6 and 7).

Igneous Rock U-Pb Ages

The dated magmatic formations are from the Upper
Plomoza Formation and La Vifiata—San Blas granites as

thrusted ‘flake’ within the Carboniferous Horquilla
Formation (see Figures 3 and 5). The magmatic ages are
presented in a Tera—Wasserburg plot, and the weighted
mean ages were calculated from grain-age groups with a
20 error, such that the mean square weighted deviation
(MSWD) is as close to unity as possible. Both magmatic
events incorporated older grains at some point in their
history, as indicated by the presence of older grains in
each sample. In the Upper Plomosas porphyry, the older
zircon grains are characterized by a rounded shape.

The 54 analyses carried out on zircon grains from the
Upper Plomosas porphyry yield 2°°Pb/?*®U ages ranging
from 1354 £ 9 Ma to 160 = 1 Ma. Three analyses were
discarded due to their high discordance (>20%), or because
of their 2°°Pb/***U and 2°°Pb/>**U discordant ages. Thirty-
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Figure 7. Age-probability spectra for the individual detrital-zircon samples. Left column: all grains. Right column: grains younger than
600 Ma. The above curves indicate age peaks in Ma. Arrows and ages marked in bold denote the interlayered volcanism events in Ma.
For comparison, we present the age-probability spectra of the Carbonara and Upper Casita Formations, modified from Lawton and

Molina (2014).

four of the remaining 51 analyses form the youngest tight
cluster (shown in red within Figure 6). These data yielded a
weighted mean *°°Pb/***U crystallization age of 171 = 1 Ma
(n =34, MSWD of 7.6, Ludwig 2008). Twenty older zircon
grains yielded concordant ages scattered between
1354 £ 9 Ma and 180 £+ 1 Ma. These older grains could be
explained by various scenarios: (1) as xenocrysts acquired by
the assimilation of older crust material, (2) as antecrysts
remobilized from only slightly older Jurassic magma cham-
ber material, or (3) as detrital grains entrained during surface
volcanic rock emplacement.

For La Vifiata—San Blas Granites flake, 37 analyses
carried out from both samples provide °°Pb/*®U ages
ranging from 2103 + 64 Ma to 199 + 2 Ma and
1111 = 10 Ma to 183 + 2 Ma, respectively. Only one
analysis in the San Blas sample and three in the La
Vifiata sample were discarded due to high discordance
(>20%). In the San Blas granite, 29 analyses were con-
ducted to determine the remaining 36 concordant
20ph/238U ages, which formed a tight cluster at the
lower age. The weighted mean crystallization age
(Ludwig 2008) is 209 £ 3 Ma (n = 29, MSWD of 8.8,
see Figure 6). In the La Vifata granite, 19 analyses con-
ducted for the remaining 34 concordant 2°°Pb/***U ages
form a tight cluster at the lower age. The weighted mean

crystallization age (Ludwig 2008) is 209 = 3 Ma (n = 19,
MSWD of 9.6, see Figure 6).

In the Tera—Wasserburg plot (see Figure 6) both of the
granite samples show an older cluster formed by concor-
dant ages between 965 = 18 Ma and 1190 + 51 Ma. These
older grains could be explained using various scenarios, as
previously mentioned in the porphyry section. Between
~230 Ma and ~900 Ma in both samples, very few analyses
(with higher discordance, but still lower than 20%) are
distributed along a discordia line connecting the younger
(~230 Ma) and the older (~1000 Ma) clusters. The lower
clusters intersect an age of 205 + 13 Ma, which is in
agreement with the weighted mean crystallization age.
These ages are performed in zircon grains showing a
perfect external shape but an inner inherited core and are
interpreted as a mixing of the ages of the inherited core
and late magmatic rims.

Discussion
Local stratigraphy revision

The contacts between each formation are mainly thrust
faults. The studied column is composed of a tectonic
flake stack without any geochronological continuum,
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which does not permit a description of a coherent strati-
graphic column. However, some relevant geochronologi-
cal and field information were obtained.

e The assignment of a Pennsylvanian age to the
Horquilla Formation is based on evidence from the
crinoid fragments. The crinoids, shape alteration by
high intensity deformation combined with absence of
other fossils do not allow a confident stratigraphic
age assignment. Crinoids have been described in
Mexico from the Permian to Late Jurassic (Peck
1948; Simms 1986; Esquivel-Macias et al. 2005). In
the study area, the Horquilla Formation is part of a
tectonic stack without defined stratigraphic relation-
ship, so it could also be Permian to Jurassic in age.

e The different granite flakes within the Horquilla
Formation exhibit comparable chemical composi-
tions and the same crystallization age. These flakes
clearly represent the same rocks, and no rocks of
such age are known in the region.

e The interlayered porphyry crystallization age is cal-
culated at 171 + 1 Ma. This age places an upper
limit on the age of the Upper Plomosa Formation in
the studied stratigraphic column. At the regional
scale, the interlayered porphyry crystallization age
overlaps within the age error of the ignimbrite flows
interlayered within the Nazas sedimentary formation
(170 £ 2 Ma and 170 + 2 Ma, single zircon crystal,
Stern and Dickinson 2010; Lawton and Molina
2014, see Figure 7). This material also shares the
same whole rock chemistry characteristics (high
siliceous and K calc alkaline series with a high Eu
anomaly, Bartolini et al. 2003).

e The Upper Plomosas Formation was sampled over a
few metres stratigraphically above the contact with
the interlayered porphyry and ideally to the inverted
stratigraphic sequence so that the samples have ages
younger than 171 £ 1 Ma. For the Upper Plomosas
Formation, the youngest zircon, representative of the
maximum age of deposition, has a reported age of
168 = 2 Ma, and there is no defined peak until
~256 Ma. Only the youngest zircon age
(168 + 2 Ma) is coherent with the sample stratigraphic
position and is interpreted by the authors as the Upper
Plomosas Formation maximum age of deposition. The
first defined peak suggests the outcropping of Permian
plutonic rocks already recognized in the close area
(Carrizalillo: 267 + 21 Ma, K-Ar microcline,
Aldama: 250 + 20 Ma, K-Ar microcline, Torres et al.
1999) and more generally in northern Mexico (Lawton
and Molina 2014; Ocampo-Diaz et al. 2014). The
Nazas magmatic system, including the La Vifiata and
San Blas granitic flakes, seem not to have experienced
erosion during the Upper Plomosas Formation deposi-
tion. Compared to the sedimentary formations hosting

the Carbonera Middle Jurassic ignimbrite flow, the
Upper La Casita, the Nazas (Lawton and Molina
2014) and the Upper Plomosas Formations exhibit a
comparable maximum age of deposition (~170-
176 Ma).

e The maximum depositional age for the La Vifata
quartzite is 193 = 3 Ma, based on the youngest single
zircon age. A more conservative estimation could be
represented by an ~245 Ma peak (Early Triassic). No
geological field evidence permits the determination of
the most realistic age. Compared with the Upper
Plomosas and the Carbonera Formations, the Upper
La Casita and the Nazas Formations (Lawton and
Molina 2014, Figure 7), all of the sedimentary for-
mations exhibit comparable grain-age population dis-
tributions from the Mesoproterozoic (1100-1000 Ma)
to Lower-Mid Jurassic (168-193 Ma) periods. The
authors interpret this common evolution from the
Mesoproterozoic to Lower-Mid Jurassic in a local
way as the youngest single zircon age (193 + 3 Ma)
should be a more representative age for the La Vifiata
quartzite. Additionally, in a regional way all of the
formations exhibit the same geochronological evolu-
tion in a similar geodynamic context over a compar-
able period of time.

The crystallization ages of the granite flake
(209 + 3 Ma) and interlayered porphyry (171 £ 1 Ma),
as well as the detrital zircon ages of the La Vifiata quartzite
(193 + 3 Ma), the Upper Plomosa sandstone (168 + 2 Ma)
and the Horquilla Formation are Late Triassic to Middle
Jurassic in age (Figure 8). Therefore, we can definitively
discard the previous Permian age interpretation suggested
for these formations (De Cserna et al. 1968). The position
of these formations and their relationship in the regional
stratigraphic column should be modified, in particular the
relation between the Upper Plomosas and La Casita
Formations (Figure 8).

The Upper Plomosas Formation and its interlayered
porphyry exhibit a comparable maximum depositional/
crystallization age and grain-age population distribution
to the Nazas arc volcano sedimentary formations, includ-
ing the La Casita Formation (Lawton and Molina 2014,
see Figure 7). The whole rock chemistry of the Late
Triassic granite flake and the Middle Jurassic porphyry
are characteristic of calc-alkaline continental arc and con-
firm an established magmatic arc from at least ~210 to
~170 Ma, which is termed the Nazas Arc in north-central
Mexico (Figure 8). The Upper Plomosas Formation repre-
sents the first documented outcrops of the Nazas Arc in the
Main Central Gap (MCG) (Figure 1). The upper Plomosas
and La Casita geochronological equivalence strongly sug-
gest than the Upper Plomosas Formation represent the
basal continental member of the La Casita Formation
(Figure 8).
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Figure 8. Statigraphic column of the Plomosas—Placer de Guadalupe uplift area. The left column is modified from the Consejo de

Recursos Minerales cartography, and the right column is proposed according to the new isotopic ages. The boundaries of geochronologic
units are those proposed in the International Chronostratigraphic Chart (Cohen ez al. 2013). Open stars indicate sample locations. Colour

and lithology are the same as in Figure 2.

The deformation (foliation and schistosity) in all of the
formations is controlled by the Monilla main thrust
(~N30°W). Additionally, the deformation intensity is not
homogenous along the studied column. The Upper
Plomosas Formation exhibits pervasive schistosity,
whereas the Horquilla Formation and the La Vifiata quart-
zite show high grades of metamorphism, including recrys-
tallization and ductile domain deformation. This
deformation dichotomy suggests that the different forma-
tions followed different pathways during their tectonic
emplacement. The Horquilla Formation and La Vifata
quartzite have the deepest pathway and probably reach a
depth of 15 km (Rutter 1974, 1995).

The deformation in the Upper Plomosas Formation is
subtler and the bedding, schistosity and tectonic contacts
are sub-parallel to the Monilla thrust fault (~N30°W). The
relationship between the Upper Plomosas Formation and
the interlayered porphyry suggests an inverted stratigraphic
sequence. The porphyry footwall is characterized by a
sedimentary contact and on the top by a tectonic contact
(see Figure 2, thrust, ~N60°W). The Upper Plomosa
Formation represents the lower flank of the recumbent
isoclinal thrust fold spilled to the west and eroded.

Regional geodynamical implication

The new geochronological data obtained in this work
has important implications for our understanding of
northern Mexico geological evolution (Figures 1 and 8).

Previously, the volcanic and sedimentary formations that
form the Plomosas—Placer de Guadalupe range were inter-
preted as a Marathon orogen foreland basin. Our new data
indicate that formations of Permian age do not crop out in
the study area. The outcropping units are related to Late
Triassic to Jurassic magmatic arc development (Figure 8).
Most formation models proposed for the Plomosas—Placer
de Guadalupe area involve a Permian—Triassic deformation
event (Bridges 1962; Goodell and Feinstein 2008; Barboza-
Gudifio et al. 2013), which is contradicted by our new
geochronological data (Figure 8). These two-event models
should not be discarded, but rather should be re-evaluated
to include younger orogenic events.

In Figures 8 and 9, we propose a new geodynamic
evolution sequence from the Palacozoic to Late Jurassic
based on our observations. During the Palaeozoic, the
study area was part of the southern Pangea passive margin
(Sanchez-Zavala et al. 1999; Keppie et al 2004).
Palacozoic and Permian sedimentary formations were
deposited on the continental platform from subtidal to
deep ocean conditions (Centeno-Garcia 2005). The gap
in the sedimentary record from the Pennsylvanian to
Upper Triassic corresponds in age with the Sonoma oro-
gen described in western Pangea (270-240 Ma; Drewes
1981; Domeier and Torsvik 2014). The Sonoma orogeny
occurrence is in agreement not only with the sediment
deposition gap and the Permian formation erosion but
also with the occurrence of reverse faults with opposite
vergence, which we interpret as formed during tectonic
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Figure 9. Tecono-stratigraphic evolution of the Placer de Guadalupe uplift from the Palacozoic to the Late Jurassic. During the
Palacozoic, the study area forms the southern continental platform of Pangea. Sedimentary formations are deposited from subtidal to deep
ocean conditions. The gap in the sedimentary record from the Permian to Upper Triassic illustrates the occurrence of the Sonoma orogen
(~250 Ma). Triassic granites are the first evidence of the Late Triassic to Middle Jurassic magmatic arc building. The magmatic arc
presence is confirmed by the siliciclastic Upper Plomosas Formation deposition (~168 Ma) and its interbedded volcanism (~170 Ma). The
conglomerate sequences laying locally between the Upper Plomosas and the La Casita Formations, and the two deformations in the
Upper Plomosas Formation support the evidence of the Nevadan orogen occurrence. The Late Jurassic La Casita Formation initiates the
deposition of the uninterrupted sedimentary Mesozoic column that was later deformed during the Laramide orogen.

lateral expulsion in an orogenic border system (e.g. Agard
et al. 2010; Domeier and Torsvik 2014). The Upper
Triassic granites at ~210 Ma are the first evidence of the
beginning of a subduction system and the formation of a
Late Triassic to Middle Jurassic magmatic arc (this study).
This magmatic arc was sustained at least until Middle
Jurassic time (~170 Ma). The volcano-siliciclastic upper
Plomosas formation filled a juvenile back arc basin with
material mainly coming from the mainland, containing
Lower Jurassic, Upper Triassic, Permian, Devonian to
Upper Ordovician, Upper Neoproterozoic, Upper
Mesoproterozoic, and Neoarchean detrital zircons. The
magmatic arc sedimentary formations recorded two defor-
mations of types ductile (crystal-plastic) and brittle. A
second partial sedimentary gap is recorded in the sedimen-
tary column, from Middle Jurassic (~170 Ma) to
Kimmeridgian time. This gap corresponds in age to the

Nevadan orogeny within the North American cordilleran
history (Ingersoll and Schweicker 1986). During this per-
iod local continental conglomerates, of small lateral
dimensions and unknown ages, overlay unconformably
the Upper Plomosas Formation (Gonzalez Ramirez
2005). These conglomerates are clearly unconformable
on the Upper Plomosas Formation and do not reflect
ductile deformation, suggesting a post-Nevadan orogenic
origin. Unconformably overlaying these conglomerates
and locally directly on the Upper Plomosas Formation
was deposited the Upper Jurassic La Casita Formation.
This sedimentary formation initiates a continuous cycle
of calcareous deposition during all of the remainder of
Mesozoic time. This long extension period ending with
the Laramide orogeny (Late Cretaceous), which was char-
acterized by a thin skin tectonic style and the reactivation
of Sonoma and Nevadan faults.
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Conclusions

New U-Pb ages from porphyry interlayered in the Upper
Plomosas Formation, granite flake and detrita zircons from
Jurassic sedimentary formations exposed in the Placer de
Guadalupe area, Chihuahua, Mexico, improve our under-
standing of the Sierra Plomosas stratigraphy and forma-
tion. Furthermore, these new results highlight the Late
Triassic—Jurassic continental margin arc outcrops in the
MCQG for the first time. Key insights into the new geo-
chronology of the Placer de Guadalupe are as follows.

e The porphyry interlayered in the Upper Plomosas
sandstone is dated at 171 = 1 Ma.

e The granite flake within the Horquilla Formation is
dated at 209 = 3 Ma.

e Based on the single zircon age, the maximum
deposition ages for the Upper Plomosas Formation
and the La Vifiata quartzite are 168 £ 2 Ma and
193 + 3 Ma, respectively.

e Sedimentary and volcanic events, age, and petrogra-
phy are comparable to the Carbonera and La Casita
sedimentary formations and their related volcanic
events, including the two closer outcrops of the
Nazas Arc magmatism in Central Mexico.

e The occurrence of a Permo-Triassic deformation
event in the Placer de Guadalupe area must be dis-
missed and the role of Sonoma and Nevadan oro-
genic events in the region should be reconsidered.
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