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A B S T R A C T

The chronological repartition of mineral deposits in Mexico and the southern USA coincides with the distribution
of the three main volcanic pulses of the Sierra Madre Occidental. These pulses are Eocene to early Miocene in
age, suggesting that a broad migration occurred from northwest to southeast, where the last ignimbrite flare-up
occurred. The most fertile event occurred from 36 to 28Ma and produced all of the largest Ag-Au mining
districts. The Placer de Guadalupe Au-U district contain a unique association of metals with high variations in
their U/Au ratios that are not common worldwide. The uraninite population dated by Wells (1930) yielded an
age of ca. 36Ma, which is comparable to that of the volcanic intrusions and dykes dated in the district (yielding
ages of ca. 36Ma). Altered uraninite cemented by gold sheets provide an age of 21Ma, which is interpreted to be
the age of the gold epithermal event. Studies of fluid inclusions in the quartz and calcite cements formed in the
gold event indicate the presence of immiscible magmatic brines and CO2. Homogenization temperatures by
halite melting range from 268 °C to 305 °C and 266.6 °C to 283 °C, with salinities ranging from 35.9 to 38.9 and
36.0 to 37.5 wt% eq NaCl, in the quartz and calcite stages, respectively. C-O isotopic compositions of U and Au
calcite cements suggest a trend of low-temperature alteration caused by hydrothermal fluids. These C-O isotopes
suggest that during the gold event, water/rock interaction processes occurred between magmatic fluids and the
carbonate host-rock. REE enrichment in the U calcite cement suggests that La-Ce enriched carbonatite volcanic
formations participated in the mineralizing process. The U mineralization event was controlled by (1) a metal
and heat source (in this case, late Eocene volcanism and, in particular, a carbonatite volcanic event); (2) an
efficient transport mechanism for the large-scale input of meteoric water, which was channeled, heated and U-
enriched into reactivated crustal Eocene faults from a deep U source to a shallow sedimentary chemical trap; (3)
an effective trap, which is represented in this study by the presence of an organic matter-rich sedimentary
formation. The gold mineralization event was characterized by the Miocene extensional peak coupled with
asthenospheric upwelling, which facilitated the melting/metamorphism of the lower crust and the expulsion and
transport of large amounts of CO2-bearing fluids to a shallow crustal level through the reactivated crustal
Laramide thrust faults. The fluids’ interactions with the entire stratigraphic column, from the Grenvillian to the
Late Triassic basement, favored the leaching of gold and the enrichment of CO2-bearing fluids. Gold deposition
appears to be related to boiling but was ultimately favored by water-rock interaction with U mineralization and
the Upper Plomosas shale. Study of the Au-U Placer de Guadalupe deposit reveals evidence of a new Miocene
metallogenic event in central and northern Mexico. Its genetic relationship with the Basin and Range (BnR) and
Rio Gande Rift (RGR) in USA and its transition from post-orogenic to Miocene intraplate extension in Mexico
provides a new perspective regarding the exploration of Miocene gold epithermal deposits in northern Mexico
and the southern USA.

1. Introduction

The spatiotemporal distribution of hydrothermal, skarn, porphyries

and orogenic gold deposits in Mexico and Arizona has been the subject
of various studies over the last decade (Campa and Coney, 1983; Clark
and Salas, 1988; Clark, 1997; Clark and Fitch, 2005, 2009; Camprubi
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and Albinson, 2007; McLemore and North, 1984; Mc Lemore, 2011;
Nieto-Samaniego et al., 2005; Camprubi, 2013). In Mexico, the chron-
ological distribution of mineral deposits coincides with the distribution
of the products of the three main volcanic pulses of the Sierra Madre
Occidental, which are Eocene to early Miocene in age and record a
broad migration from the northwest to the southeast, where the last
ignimbrite flare-up occurred (Camprubí, 2013; Ferrari et al., 2005;
McLemore and North, 1984; Mc Lemore, 2011; Ramos-Rosique A et al.,
2011; Ramos-Rosique 2013; Fig. 1). The youngest and most fertile
event, which outcrops in the northern and central regions of Mexico,
ranges from 36 to 28Ma in age and includes all of the largest Ag mining
districts (Fig. 1). Although central Mexico is better known as a silver-
bearing region (e.g., the Mexican Silver belt), it also contains many
important gold and uranium resources, such as the La Paz Au-Cu skarn
(Pinto-Linares et al., 2008), the Peñasquito Au deposit (Rocha-Rocha,
2016), and the Peña Blanca U deposit (George-Aniel et al., 1991;
Angiboust et al., 2012). The central and northern regions of Mexico
contain several deposits recording distinct styles of uranium miner-
alization, such as the volcanic-related type (Peña Blanca, San Marcos,
Chihuahua; Goodell, 1981, George-Aniel et al., 1991; Reyes-Cortés
et al., 2010, 2012; Angiboust et al., 2012), the roll-front type (La Coma,
Nuevo Leon; Herrera-Monreal, 2011), placers and epithermal veins
(Placer de Guadalupe; Chihuahua; Krieger, 1932) and the recently re-
mobilized type (Sierra de Gomez, Chihuahua; Villarreal-Fuentes et al.,

2016). Gold mineralization in Central Mexico can be classified as pluton
associated deposits (i.e., porphyry or skarn) or epithermal vein deposits
(Gilmer et al., 1988; Pinto-Linares et al., 2008; McLemore and North,
1984; Mc Lemore, 2011; Velador et al., 2010; Moncada et al., 2012;
Mango et al., 2014; Camprubí, 2013). Epithermal vein mineralization is
the most common style of Ag-Au deposits. The contents of Au/Ag me-
tals can vary by several orders of magnitude within and between in-
dividual structures (Hayba et al., 1985; Sillitoe, 1993; Velador et al.,
2010; Hall et al., 2014); for example, some structures only record Au
mineralization, such as those in the Placer de Guadalupe district
(Gonzales Reyna, 1946), the Fresnillo district (Velador et al., 2010) and
the Zacualpan district (Hall et al., 2014), among others. This variation
is generally interpreted to result from the circulation of lateral fluids
and proximity to the source of the metals (Hynes, 1999; Camprubi and
Albinson, 2007; Camprubi, 2013; Velador et al., 2010; Moncada et al.,
2012; Mango et al., 2014). Velador et al. (2010) showed that the ages of
the Au-dominant (Saucito mine) and Ag-dominant (i.e., the Santo Niño
vein) structures within the Fresnillo district are comparable ca. 29Ma,
and suggested that the circulation of lateral fluids could explain the
differences in mineralization between these districts. Additionally, Hall
et al. (2014) and Enriquez and Rivera, 2001 suggested that variations in
the silver/gold ratios in the Zaculpan and Tayoltita districts are con-
trolled by their proximity to felsic intrusions.

The Au-U Placer de Guadalupe deposit in the state of Chihuahua is a

Fig. 1. Distribution of dated Mexican hydrothermal, skarn, porphyries and orogenic gold deposits from Eocene to recent, modified from Camprubi et al. (2013). Color shadows
correspond to extensional volcanic rocks from the Eocene, Oligocene, and Miocene to recent, modified from Ferrari et al. (2012).
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significant feature of Mexican geology. Its discovery initiated the last
gold rush in Mexico at the end of the nineteenth century. It was also one
of the first mineral deposits dated in Mexico, when direct dating of a
clean uraninite crystal by Wells (1930) yielded an age of ca. 36Ma.
Krieger (1932) and Gonzales Reyna (1946) each developed mono-
genetic U-Au hydrothermal vein metallogenic models related to the
emplacement of undated porphyry dykes (that were actually Permian in
age; Villarreal et al., 2014), or blind Oligocene volcanism, respectively.
Within the Ag/Au mining district, the Placer de Guadalupe Au-U dis-
trict comprises various sets of mineralizing structures with U/Au ratios
varying from pure gold to pure U (see below). The Au-U Placer de
Guadalupe district represent a unique association of metals in Mexico;
such deposits are not common worldwide, but are generally interpreted
to represent the products of a series of various metallogenic events (i.e.,
Central French massif: Cuney et al., 1990; Boiron et al., 2003; Witwa-
tersrand: Phillips and Powell, 2015). Despite the scientific and eco-
nomic importance of the Guadalupe-Plomosas uplift, previous studies of
this particular Mexican geological feature are scarce, and scientific
discussion regarding the description and genesis of the Au-U Placer de
Guadalupe deposits remains open today.

In this paper, we present a new geological description and geo-
chemical characterization of the Au-U Placer de Guadalupe deposit. Our
results provide key data that highlight, for the first time, the occurrence
of telescoped Eocene uranium and Miocene Au metallogenic events in
the state of Chihuahua and provide a better understanding of the for-
mation of this complex Au-U epithermal deposit within the context of a
coherent regional geodynamic evolution.

2. Regional geological setting

The Placer de Guadalupe district is a tectonic horst located in the
physiographic Chihuahua basin-and-range style region (Hennings,
1994; Haenggi, 2002; Fig. 2), which is characterized by a succession of
ranges and endorheic basins. The crystalline basement is Grenvillian to
early Jurassic in age (Mauger et al., 1983; Iriondo et al., 2004;
Villarreal et al., 2014). The Grenvillian basement is composed of meta-
igneous rocks (1080–1333Ma, Blount, 1993) and undated amphibolite
intruded by trondhjemite, tonalite and granite (Mauger et al., 1983).
During the Paleozoic, the Chihuahua region formed the southern pas-
sive margin of the continent Laurentia. Between the Triassic and the
Lower Jurassic, the Pedregosa back-arc basin was a dominant paleo-
structure filled by carbonate to arenaceous formations (Stern and
Dickinson, 2010; Averil and Miller, 2013). During the Mesozoic, this
structure developed into to the proto-Chihuahua Basin, which was
bounded to the west by the Aldama platform and to the east by the
Diablo Platform. This major paleostructure controlled the structural
and sedimentary evolution of central Chihuahua until the present, and
is highlighted in outcrop as the Chihuahua central graben (Stern and
Dickinson, 2010; Villarreal et al., 2014; Fig. 2). It contains a Mesozoic
limestone succession that lies on top of an early Jurassic evaporite
(Hennings, 1994; Haenggi, 2001). This stratigraphic succession was
progressively deformed by various events of the Cordilleran orogeny
(i.e., Sonoma, Nevadan, and Laramide; Drewes, 1981; Ingersoll and
Schweicker, 1986; Domeier and Torsvik, 2014; Villarreal et al., 2014).
The mountains in this region, which are composed of early Triassic to
Late Cretaceous sedimentary rocks folded during the Laramide orogeny,
are covered by a series of undeformed Cenozoic volcanic sequences
(Hennings, 1994; Haenggi, 2001; Villarreal et al., 2014). Cenozoic
volcanism in the area has been dated to between 46Ma and 23Ma
(Cameron et al., 1989, and references therein; McDowell et al., 1997;
Ferrari et al., 2005; Oviedo-Patron et al., 2010; Mahar et al., 2016).
These volcanic deposits have been interpreted to comprise a member of
the Sierra Madre Occidental (SMOc) volcanic province (Figs. 1, 2;
Megaw et al., 1988; McDowell et al., 1997; Ferrari et al., 2005; Oviedo-
Patron et al., 2010). The first Eocene volcanic flows rest unconformably
atop Mesozoic rocks and have a low dip angle (Ferrari et al., 2005;

Oviedo-Patron et al., 2010). The emplacement of these flows was coeval
with extensional events that occurred during the Eocene and Miocene
(Ferrari et al., 2005). The Eocene volcanic rocks of the SMOc (ca.
36Ma; 40Ar-39Ar; Nandigam et al., 2009) are crosscut and covered by
undated carbonatitic dykes and flows (Nandigam et al., 2009). During
the Late Oligocene, extension moved north to the Rio Grande Valley
and the Trans Pecos area (Price et al., 1987; Humphreys, 1995; Fig. 2).
Between 25 and 10Ma, the initiation of the Rio Grande rift extensional
period produced bimodal volcanism (Price et al., 1987; Ricketts et al.,
2015; Mahar et al., 2016). Ignimbrite flows and an alkalic basalt dike
swarm were extruded along NNW-trending structures (Price et al.,
1987; Mahar et al., 2016). From the Pliocene to the present, Cenozoic
volcanic flows and detrital materials filled the Rio Grande basins
(Bartolino, 1992; Haenggi, 2001). Finally, the Camargo volcanic field,
which is Plio-Pleistocene in age (4.7–0.09Ma; Aranda-Gomez et al.,
2003; Fig. 2), lies midway between the Sierra Madre Occidental and the
Trans-Pecos region of Texas (Fig. 2). This has been characterized as an
intraplate mafic alkalic volcanic event that was strongly controlled by
northwest-striking normal faults (Fig. 2; Aranda-Gomez et al., 2003).

3. History and geological setting of the placer de Guadalupe Au-U
district

The Placer de Guadalupe Au-U district was discovered in 1867,
when gold and uranium nuggets were found in sediments of the
Plomosas river. It is considered to represent one of the first sites of
uranium exploitation on the North American continent and was de-
scribed in the mid-1900s as a hydrothermal gold-uranium mineral de-
posit (Krieger, 1932; González Reyna, 1946, 1956). Regional and local
exploration, characterization, and preindustrial production were in-
itiated in the early 1900s by the La Virgen Company (in the La Virgen U
mine), Mexican Gold Dredging and the Mexican Goldfield (which
mined Au in placer deposits). This ‘gold fever’ began to wane from 1915
to 1920 with the Mexican Revolution, the First World War and finally
the end of superficial ‘sweet spots’. The Au-placers and Au-U hydro-
thermal veins were sporadically mined for gold by “gambusinos” until
the present without reaching an industrial level, mainly due to the re-
strictive Mexican Mining Law regarding strategic uranium reserves.
Although no reliable production data or estimates of U and Au reserves
are available, González-Reyna (1956) reported that, in 1911, the pro-
duction in the La Virgen mine reached 0.2 tonnes of gold per month
with a mean grade of 30 g/t. Gonzalez Reyna (1946) further estimated
that gold production from 1875 to 1954 comprised 20 tonnes of Au
from placer deposits and 0.65 tonnes of Au from vein deposits. The gold
reserves estimated (and surely overestimated) in 1954 for PdG district
were 22.5 thousand tonnes (Gonzalez Reyna (1946)). Historically,
decimeter-scale gold nuggets have been found in river sediments. One
of the remarkable characteristics of the Placer de Guadalupe deposit is
the purity of its gold (99.99%; Gonzalez Reyna (1946)).

Within a regional geological context, the Placer de Guadalupe
mining district features some specific geological characteristics. The
Placer de Guadalupe ranges are formed by a WNW-trending tectonic
stack comprising a large variety of magmatic and sedimentary forma-
tions (De Cserna et al., 1968; Torres et al., 1999; Villarreal et al., 2014;
Fig. 3). The main thrust faults record a southwestward transport di-
rection, opposite of the Laramide deformation structures (Bridges,
1962; Hennings, 1994; Goodell and Feinstein, 2008; Fig. 3). The
basement outcrop at the Cerro Carrizalillo contains a chronological
succession of undated amphibolite intruded by trondhjemite, tonalite
and granite. Mosher (1998) correlated this outcrop with Grenvillian
rocks in central Texas. The Paleozoic series comprises a succession of
calcareous and arenaceous units known as the El Paso, Cable Canyon,
Montoya, Percha, Escabrosa Paradise and Horquilla formations. All of
these formations contain fauna from the mid-Ordovician to the Penn-
sylvanian (Bridges, 1962). The Middle Jurassic Upper Plomosas For-
mation contains shale and siliciclastic to conglomerate rock (ca.
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168Ma, U-Pb on single zircons; Villarreal et al., 2014) with inter-
stratified volcanic flows (ca. 171Ma, U-Pb on single zircons; Villarreal
et al. (2014); Fig. 3) and limestone. Finally, the La Casita Formation,
which is Kimmeridgian in age (King and Adkins, 1946), is composed of
sandstone intercalations in lutite. The intrusive bodies mapped in the
area are Late Triassic granite tectonic flakes (ca. 209Ma, U-Pb on single
zircons; Villarreal et al. (2014); Fig. 3), rhyolitic dykes and subaerial
porphyry stocks that are likely Paleogene in age (Fig. 3).

4. Sampling and analytical techniques

4.1. Sample strategy

Calcite and gold-uraninite separates of different habits and colors
deposited throughout the main paragenetic stages were collected from

the La Virgen (LV) and Puerto del Aire (PdA) abandoned mine galleries.
Mineralization samples were identified by using a Geiger detector in the
abandoned working front.

4.2. Petrography

Mineralogy was documented through field observations and petro-
graphic and SEM analyses. Mineral phases were identified using an
scanning electron microscopy with X-ray microanalysis at the
Laboratorio de Geofluidos in the Centro de Geociencias, Universidad
Nacional Autónoma de México, Querétaro, Mexico. Host rocks and
calcite cements were studied using a Reliotron® cold cathode cath-
odoluminescence (CL) device attached to an Olympus SZ-X binocular
microscope and a Qimage Micropublisher 5Mp digital camera with a
Peltier cooled charge couple device (CCD). The electron beam had an

Fig. 2. Main geological provinces in NW Mexico
and SW USA. Locations of the Rio Grande rift
basins and its precursory and associated volcanic
fields are modified from Hudson and Grauch
(2013). The Cenozoic volcanism shape is mod-
ified from Ferrari et al. (2005); shapes of the
Basin and Range and Colorado Plateau are mod-
ified from Baldridge et al. (1984). SON: Sonora,
CHI: Chihuahua, TX: Texas, OK: Oklahoma, UT:
Utah, CO: Colorado, AZ: Arizona, CA: California,
NM: New Mexico, COH: Coahuila, DGO: Durango,
SIN: Sinaloa.
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acceleration voltage of 15 kV and a probe current of 500 μA. CL emis-
sion was enhanced by observing quartz samples on a copper plate
previously cooled by immersion in liquid nitrogen. Thin sections were
examined using a petrographic Olympus® BX-50 optical microscope

with a Qimaging Micropublisher 5 Mp digital camera equipped with a
Peltier-cooled CCD.

Fig. 3. A) Simplified geologic map of the study area. B) Regional localization map. C) Simplified geological cross-section of the Au mineralized district. Locations of volcanic samples are
indicated by black squares. Studied mines are highlighted by orange stars.
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4.3. U-Pb geochronology

Three rock samples were collected from the intrusive bodies of in-
terest (Fig. 3). These samples were crushed, powdered, and sieved
(200–50 mesh). Heavy mineral fractions were obtained by density
preconcentration with heavy liquids (methylene iodide). The non-
magnetic fraction was separated using a Frantz isodynamic magnet.
Final zircon separates were hand-picked under a binocular microscope
and mounted in epoxy resin together with a standard (NIST), and
subsequently polished. Laser ablation target points were selected on
cathodoluminescence images in order to identify zircon cores and
overgrowth zones.

Zircon samples were analyzed at the laser ablation facility at the
Laboratorio de Estudios Isotópicos (LEI), Centro de Geociencias, UNAM.
The instrument consisted of a Resonetics excimer laser ablation work-
station (Solari et al., 2010) coupled with a Thermo XIISeries quadrupole
ICPMS. The laser ablation workstation comprised a Coherent LPX 200,
193 nm excimer laser and an optical system equipped with a long
working-distance lens with a 50–200 μm focus depth. The ablation cell
was He-pressurized and capable of fast signal uptake and washout. Each
analysis used a drill size of 34 μm and a drill depth of approximately
20–25 μm, producing a total ablated mass of ∼70–80 ng during each
analysis. Seventeen isotopes were scanned during each analysis. This
made it possible to obtain quantitative measurements of the isotopes
needed for U-Pb dating (i.e., lead, uranium and thorium), as well as
detailed measurements of major and trace elements, such as Si, P, Ti, Zr
and REEs, which can yield important information about the presence of
microscopic inclusions in the zircons (e.g., monazite, apatite, or tita-
nite) that can produce erroneous age results. For each analysis, 25 s of
signal background were monitored, followed by 30 s of signal, in which
the laser fired on the target with a frequency of 5 Hz and an energy
density of ∼8 J/cm2. The remaining 25 s were used for washout and
stage repositioning. A normal experiment involved the analysis of
natural zircon standards and standard glasses. NIST standard glass
analyses were used to recalculate U and Th concentrations in zircon.
Repeated standard measurements were used for mass-bias correction,
as well as for the calculation of down-hole and drift fractionations.

4.4. K-Ar geochronology

K-Ar analyses were performed on matrix samples from a rhyolite
dyke at the Instituto de Geologia, UNAM. Samples were obtained by
crushing with steel jaws, sieving, selecting the best fraction
(300–400 μm), washing, separating the matrix glass by magnetic
methods (using an Isodynamic Frantz separator), and performing minor
manual grinding with a mortar and pestle. The K content of each
sample was measured by X-ray fluorescence on 50mg aliquots, using a
specific regression for measuring K in K-Ar samples (Solé and Enrique,
2001). Analytical precision was> 2%. Samples weighing between 1
and 2 mg were degassed under high vacuum at ∼150 °C for 12 h prior
to analysis in order to reduce atmospheric contamination. Argon was
extracted by total sample fusion using a 50W CO2 laser defocused to
1–3mm diameter. The evolved gases were mixed with a known amount
of 38Ar spike and purified with a cold finger immersed in liquid ni-
trogen and two SAES getters in a stainless-steel extraction line. Mea-
surements were performed in static mode with an MM1200B mass
spectrometer using electromagnetic peak switching controlled by a Hall
probe. Analytical precision on 40Ar and 38Ar peak heights was> 0.2%,
and that on 36Ar was> 0.6%. These data were calibrated with internal
standards and the international biotite reference materials LP-6 and
HD-B1. All ages were calculated using the constants recommended by
Steiger and Jager, 1977. A detailed description of the procedure and its
calculations is given in Solé (2009).

4.5. U Mineralization geochronology

Uranium grains were collected from the Puerto del Aire Au-U vein
mine (Fig. 3). The selected mineral separates were handpicked under a
binocular microscope to ensure that the resulting samples were clean
and pure. All selected grains are subhedral to euhedral. In situ U/Pb
dating of uraninite was performed on polished thin sections by laser
ablation–inductively coupled plasma–multi collector mass spectrometry
(LA-MC-ICP-MS) at Queen’s University, Canada. The laser used was a
Mercantek LUV-213 Laser Ablation System with a frequency quintupled
Nd-YAG (213 nm) used in raster mode. The laser conditions included a
laser power output of 40–45% (<1mJ/cm2), pulses of 50 ms with a
repetition rate of 2 Hz, and a spot size of 25–35 μm. A Thermo Finnigan
Neptune MC-ICP-MS instrument, equipped with 9 Faraday cups and
1011Ω amplifiers for each, was also used.

4.6. Analysis of fluid inclusions

Double-polished wafers were obtained from Au-U-mineralized
samples from the Puerto del Aire and La Virgen Mines. Wafers were
inspected under a petrographic Olympus® BX-50 optical microscope
with a Qimaging Micropublisher 5Mp digital camera equipped with a
Peltier-cooled CCD. Microthermometric data were acquired on a
Linkam THMSG-600 stage attached to an Olympus® BX-50 petrographic
microscope equipped with ultralong working distance objectives at the
Crustal Fluids Laboratory of the Centro de Geociencias at UNAM in
Querétaro. This stage facilitated the observation of fluid inclusion phase
transitions from −193 to +600 °C with an accuracy of± 0.1 °C. The
stage was calibrated using Synflinc® synthetic fluid inclusions and ul-
trapure chemicals with a fixed melting point.

Raman microspectroscopy was used to determine the gas contents of
these aqueous inclusions. The Raman spectrometer used in the
CINESTAV-Conacyt laboratory was a High Resolution Labram type
(Dilor), equipped with a Notch filter and a grating (1800 grooves per
mm) to make it luminous. The detector was a CCD cooled at −30 °C,
and the exciting radiation was provided by an Ar+ laser (Type 2020,
Spectraphysics) at 514.5 nm. The spectral resolution was approximately
2 cm−1. The accumulation time, laser power and confocal aperture
were modified for each inclusion measurement to obtain an optimum
signal-to-noise ratio.

4.7. C-O isotopic analysis

Host rock limestone and vein cement calcites were sampled from the
La Virgen and Puerto del Aire mines (Figs. 3 and 4). The selected mi-
neral separates were handpicked under a binocular microscope to en-
sure that analyzed samples were clean and pure. Calcite cements were
analyzed for their carbon and oxygen isotopic compositions using the
CO2 extraction method of McCrea (1950). Up to 15mg of each sample
was reacted with H3PO4 at 50 °C, and the collected CO2 was analyzed in
a Finnigan MAT Delta S thermal ionization mass spectrometer at the
Serveis Científico-Tècnics of the Universitat de Barcelona. Reproduci-
bility of the analyses of both isotopes was better than±0.1 per mil.
CeO data are reported as per mil relative to VPDB. Data are grouped
according to their paragenetic stage, from oldest to most recent (Fig. 7).

4.8. REE and trace element compositions

Crushed and powdered calcite cement and host rock samples were
sent to be analyzed in the Actlabs, Canada commercial facilities. Each
0.25 g sample was digested with four acids, beginning with hydro-
fluoric acid, followed by a mixture of nitric and perchloric acids, and
heated using precise programmer-controlled heating in several ramping
and holding cycles to take the samples to dryness. After dryness was
attained, samples were brought back into solution using hydrochloric
and nitric acids. Total digestion may not have been attained if resistive
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minerals were present. The elements of As, Sb and Cr may have been
partially volatilized. An in-lab standard (traceable to certified reference
materials) or certified reference materials were used for quality control.
Digested samples were diluted and analyzed using a Perkin Elmer Sciex
ELAN 9000 ICP/MS. One blank was run for every 40 samples, and an in-
house control was run every 20 samples. Digested standards were run
every 80 samples. After every 15 samples, a digestion duplicate was
analyzed. The instrument was recalibrated every 80 samples.

5. Analytical results

5.1. New description of the Placer de Guadalupe Au-U district

The Placer de Guadalupe district is characterized by Au-U veins and
Au-placers distributed in an area that is 30 km long and 3–5 km wide. In
the northern and central parts of the Placer de Guadalupe district
(which contains the La Virgen (LV), San Blas and Bolaños mines; Figs. 3
and 4), mineralization is hosted within a thrust fault located between a
Late Triassic granite tectonic blade (ca. 209Ma; Villarreal et al. (2014))
and an Early Jurassic shale (ca. 168Ma; Villarreal et al. (2014); Figs. 3
and 4). The Au-U veins have trends ranging from 70° to 120° and are
subparallel to the main structure of the Monilla thrust. The dips of the
veins vary from 50°E to 90°E. These veins are continuous for nearly
3 km and are recognized to be 200m deep (Figs. 3 and 4), with thick-
nesses ranging from 0.2 to 4.0m. In the contact between the granitic
flake and the mineralizing vein/thrust, the granitic groundmass has
been intensely altered to sericite and kaolinite. The intensity of this
alteration decreases throughout the granite flake. Feldspar phenocryst
relicts, which retain the outlines of the original phenocrysts, can be
observed in the sericite zones; several meters away, feldspar crystals of
orthoclase and albite can be identified (Villarreal et al., 2014). In a few
cases, Au-U mineralization fills joints and diaclases in the Late Triassic

granite tectonic blade (Figs. 3 and 4). The Early Jurassic shale and the
Au-U mineralizing vein record evidence of partial cement dissolution,
carbonate recrystallization and silicification aureoles. The silicification
intensity appears to increase with increasing Au/U ratio. The extent of
the aureole through the Early Jurassic shale is limited by the strati-
graphic joints.

In the southern part of the Placer de Guadalupe district, locally
referred to as the “Puerto del Aire mine” (PdA; Figs. 3 and 4), miner-
alization is hosted within a sequence of five subparallel veins, separated
by 10–30m, that form a horsetail structure within the Middle Jurassic
Upper Plomosas sandstone formation. These veins are continuous for
almost 1 km and are nearly 50m deep (Figs. 3 and 4), with thicknesses
ranging from 0.4 to 1.0m. Mineralized structures are spatially close to
an undated, post-Jurassic rhyolitic dyke (Figs. 3 and 4). The alteration
halo within the Upper Plomosas sandstone formation at Puerto del Aire
is notable for its iron oxide contents. Carbonate dissolution and silici-
fication are pervasive in the vein structure and, as in the northern part
of the district, seem to control the Au/U mineralization ratio.

5.2. Petrography of the Placer de Guadalupe Au-U mineralization

Re-examination of the spatial and temporal relationships between
the uranium and gold mineralization and the country rock indicates
four distinct successive events: (i) a discrete (Ce, La)-rich calcite cement
event; (ii) Fe and U hydrothermal mineralization event; (iii) gold hy-
drothermal mineralization event; and (iv) supergene enrichment.

(i) (Ce, La)-rich calcite cement event: The (Ce, La)-rich calcite cement
event is only identified under catodoluminescence and electronic
microscopy (Figs. 5 and 7).

(ii) Fe-calcite cement event: Transition from (Ce, La)-rich calcite event to
Fe-calcite cement is evidenced by corrosion front (Fig. 5). Fe-

Fig. 4. Geological panorama and underground
photography from the La Virgen and Puerto del
Aire mines. Photographs highlight the structural
control of the mineralized vein, the relation be-
tween Fe-calcite and silica and White calcite ce-
ment, and the limited development of alteration
halos.
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calcite are not siderite, but stained calcite with large amount of Fe-
oxide within the clivage plane (Fig. 6). Magnetite precipitation
mark the beginning of the Fe calcite cement event. Magnetite
(specularite) is always prior to the uraninite occurrence. Magnetite
and uraninite occur as crystals or aggregates of crystals up to a
centimeter in size (Fig. 6). Uraninite crystals are cubic or octahe-
dral in shape.

(iii) Silica and white calcite cement event: The host rock and Fe-calcite
cement are fractured under overpressure hydraulic conditions,
corroded and cemented by silica then white calcite. Mineralization
is made of pyrite, chalcopyrite, and gold (Fig. 6). Pyrite and
chalcopyrite are rare in la virgin structure and almost inexistent in
the PdA vein. Gold mineralization occurs as native gold in the
quartz and white calcite cements within the white calcite cleavage
planes. Gold is also found within uraninite fractures in the Fe-
calcites hydraulic breccia clast (Fig. 6).

(iv) Supergene alteration is intense, no sulphides remain in the first
50m depth. The minerals observed include goethite, uranophane,
free gold (with urophane in uraninite gost cavities), limonite,
pyrolusite, and malachite (Figs. 5 and 6).

5.3. Geochronology

In Puerto del Aire, the undated post-Jurassic rhyolitic dyke (VR-200;
Fig. 3) and two subaerial volcanic stocks (RV-176 and RV-181; Fig. 3)
have different positions within the tectonic stack. They are the only
geological elements without precise ages in the mining district’s stra-
tigraphic column. Thus, U-Pb dating of the volcanic rocks and uranium
mineralization was performed to determine the chronological re-
lationship between the volcanic emplacements and the Au and/or U
mineralization events in the Placer de Guadalupe district.

5.3.1. U-Pb geochronology
Fifteen analyses of the VR-176 volcanic stock sample (Fig. 8) pro-

vide 206Pb/207Pb ages ranging from 35.4 ± 0.3Ma to 37.5 ± 0.3Ma.
The weighted mean crystallization age (Ludwig, 2008) of zircons from
the VR-176 intrusive sample is 37.0 ± 0.9Ma. The two youngest ages

form a distinct group that is more representative of a volcanic empla-
cement age of 35.7 ± 0.6Ma (n=2; MSWD of 0.1; Fig. 8,
Supplementary Table 1).

Eighteen analyses performed on zircon crystals from the VR-181
volcanic stock (Fig. 8) yield 206Pb/207Pb ages ranging from
35.6 ± 1.3Ma to 44.3 ± 0.4Ma. One analysis was discarded due to
its high sigma errors. Within the remaining seventeen concordant ages,
sixteen analyses form a tight cluster with a distribution tail towards the
younger ages. The weighted mean crystallization age (Ludwig, 2008) of
zircons from the VR-181 intrusive sample is 37.8 ± 1.3Ma. Never-
theless, the two youngest ages form a distinct group that is more re-
presentative of a volcanic emplacement weighted mean age (Ludwig,
2008) of 35.7 ± 0.8Ma (n=2; MSWD of 0.1; Fig. 8, Supplementary
Table 2).

5.3.2. K-Ar geochronology
The low quantity of zircon crystals (most of which are inherited,

dated at ca. 150Ma; U-Pb on zircon monocrystal; these data are not
discussed in this paper) within the Puerto del Aire post-Jurassic rhyo-
litic dyke (VR-200) makes it difficult to determine a coherent empla-
cement age using zircon dating. Therefore, the Puerto del Aire rhyolitic
dyke was dated using K-Ar methodology. A thin section petrography
study was performed to determine the mineralogy and the general
preservation state of the sample in order to date it with the K-Ar
method. The age determination was performed on matrix glass that was
free of alterations. This K-Ar analysis yields a Bartonian age of
38.5 ± 0.5Ma (7.79% K; 82.9% 40Ar; 5.229 e−10 40Ar moles/g).

5.3.3. Puerto del Aire mine uraninite U-Pb geochronology
To determine the possible age of uraninite alteration caused by the

gold hydrothermal event, we decided to specifically date only altered
uraninite crystals crosscut by the gold sheet in a gold-rich vein from the
Puerto del Aire mine. The disseminated uraninite grains sampled from
the La Reina vein in the Puerto del Aire mineralizing area (Figs. 3 and
4) rarely exceed a millimeter in length. All analyzed grains are sub-
hedral to euhedral, exhibit a metallic to submetallic luster, are frac-
tured and are filled with gold sheets (Fig. 6).

Fig. 5. Photomicrographs images taken under natural light
and cathodoluminescence of thin section from the La Reina
Au-U mineralized vein in the Puerto del Aire mine. (Ce, La)-
rich calcites cement has a bright orange color under cath-
odoluminescence light. Petrographic evidence of dissolu-
tion is underlined in white doted line. Magnetite pre-
cipitation mark the beginning of the Fe calcite cement
event. Abbreviations: W-Ca: white calcite; Fe-Ca: Fe stained
calcite; FeO: iron oxide and oxidized pyrite; Qtz; quartz.
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Twenty analyses were carried out on gold-uraninite grains from the
Puerto del Aire mine, yielding 206Pb/238Pb ages ranging from
19.7 ± 0.6Ma to 25.1 ± 1.5Ma and 207Pb/235U ages ranging from
20.0 ± 1Ma to 25.0 ± 1.9Ma (Supplementary Table 2). All of the

results are concordant ages that form a tight cluster (Fig. 8) indicating a
weighted mean 207Pb/206Pb crystallization age of 20.9 ± 3.7Ma
(n= 20; MSWD of 0.1; Fig. 8).

(caption on next page)
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5.4. Fluid inclusions in the Au epithermal system

In the LV and PdA mines, the REE calcites and Fe-calcites are too
dark to reliably observe. Since no suitable mineral hosts for fluid in-
clusions were formed during the U-hydrothermal event, microthermo-
metric investigations were conducted only on primary fluid inclusions
in quartz and white calcite stages from the gold mineralization in the
Puerto del Aire (PdA) mine (southern district area) and the La Virgen
(LV) mine (northern district area; Fig. 3). Microthermometric fluid in-
clusion results are presented in Fig. 9 and Supplementary Table 3.

Based on the petrographic and compositional features of these fluid
inclusions at room temperature, three types of fluid inclusions can be
identified: Type I: H2O-CO2-daughter mineral-bearing fluid inclusions;
Type II: H2O-saline fluid inclusions; Type III: CO2-rich fluid inclusions.
Type I polyphasic (Liquid-Vapor-Solid1-2) primary fluid inclusions
occur only in quartz and calcite stages from the PdA mine. All of these
fluid inclusions are either found as isolated inclusions or in small
clusters. This population of fluid inclusions yields very homogeneous
volume ratios (Fig. 9). Typically, the fluid inclusions are negative
crystals to ovoid in shape and are less than 60 µm in their maximum
dimension with a cubic halite crystal. Few inclusions contain two solids,
a cubic halite crystal and a calcite crystal, which can be identified by
laser Raman analysis. Calcite crystals are interpreted to have been ac-
cidentally trapped, as no change in size (i.e., dissolution) is observed
upon heating. The visual estimate of the liquid-to-vapor ratio is less
than 0.6. All of the fluid inclusions studied in the PdA samples record
CO2 contents (as determined by microthermometry and confirmed by
Raman microprobe analysis). Type II inclusions occur in the quartz and
calcite stages of the LV mine (Fig. 9A). All of these fluid inclusions are

primary and are found either as isolated inclusions, in small clusters in
quartz or as pseudosecondary inclusions found along the calcite clea-
vage plane. In the quartz stage, type II fluid inclusions are spatially
related to CO2-bearing fluid inclusions (Type III; Fig. 9A). The type II
fluid inclusions are biphasic, crystal negative to ovoid in shape and are
less than 40 μm in the maximum dimension. The visual estimate of the
liquid-to-vapor ratio is highly variable, and type II fluid inclusions
generally record low CO2 contents (as determined by Raman microp-
robe analyses). Type III fluid inclusions are CO2-bearing fluid inclu-
sions, which are only observed in the quartz stage of the LV mine
(Fig. 9A). CO2-bearing fluid inclusions are dominant in some quartz
crystals, but are generally associated with Type II aqueous fluid inclu-
sions in clusters. They are crystal negative to ovoid in shape and can be
large in size, often> 200 μm in their maximum dimension.

In PdA, Type I polyphase fluid inclusions in quartz and calcite show
complete homogenization (Th) by halite melting (TmNaCl) at tempera-
tures ranging from 268 °C to 305 °C and 266.6 °C to 283 °C, respectively.
Bubble shrinkage (Thv) into liquid, which occurs at temperatures ran-
ging from 240 °C to 293 °C and 234 °C to 264 °C in quartz and calcite,
respectively, always occurs at lower temperatures than halite melting
(Fig. 9). As TmNaCl is systematically higher than Thv in the analyzed
multiphasic fluid inclusions, the fluid’s salinity cannot be determined
using the ice melting temperature, but can instead be calculated as a
function of the TmNaCl/ThLV-L relationship following the equations of
Steele-MacInnis et al., 2012. The determined salinities remain very
constant throughout the paragenetic sequence and on the scale of the
PdA mine, yielding eq NaCl contents ranging from 35.9 to 38.9 wt% and
36.0 to 37.5 wt% for quartz and calcite, respectively. The Steele-
MacInnis et al. (2012) equations also allow us to determine a range of

Fig. 6. Photomicrographs image and BSE photographs of selected mineralization associations of the four distinct stages. (A-1, A-2) U-Au mineralized hand samples. (A-1): Uranium
mineralization clast in white calcite cement. Clast is composed by uraninite, Fe-Oxide, limonite and Fe calcite cement. (A-2): Uranium and gold mineralization in PdG vein. See the gold
sheet crosscuting the uraninite crystal and the quartz cementing the uraninite-Fe oxide and Fe calcite clast. (B-1, B-2, B-3) specularite in Fe-calcite (poorly stained) vein within the Middle
Jurassic Upper Plomosas Formation (PdG): (B-1) photomicrograph with reflected light of thin section, (B-2) photomicrograph with plane polarized light, and (B-3) with crossed nicols. (C-
1, B-2, B-3) Magnetite mineralization in Fe-calcite vein (PdG): (C-1) photomicrograph with reflected light of thin section, (C-2) photomicrograph with plane polarized light, and (C-3)
with crossed nicols. (D-1, D-2, D-3) Supergene alteration of magnetite in Fe-calcite vein (PdG): (D-1) photomicrograph with reflected light of thin section, (D-2) photomicrograph with
plane polarized light, and (D-3) with crossed nicols. (E-1, E-2, E-3) BSE photographs of uranium mineralization event: (E-1): Magnetite and uraninite crystal in Fe-calcite cement. (E-2)
and (E-3; Enlargement of E-2) Uraninite altered to urofane. (F-1, F-2, F-3) Microphotographic images of supergene alteration of pyrite and chalcopyrite from gold event to Fe-oxide and
malachite (La Virgen): (F-1) photomicrograph with reflected light of thin section, (F-2) photomicrograph with plane polarized light, and (F-3) with crossed nicols. Abbreviations: FC : Fe-
calcite; WC : white-calcite; qtz quartz; mt : magnetite; hm hematite; mr marcasite; FeO : Fe-oxide; mal : malachite; mt : magnetite; U : uraninite; spe : specularite.

Fig. 7. Paragenetic sequence of the Puerto del Aire mine
(PdA) and La Virgen vein U-Au deposits.
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multiphasic fluid inclusion trapping pore pressures; in the case of the
PdA samples, these values range from 127 to 894 bars in quartz and
from 414 to 795 bars in calcite (Fig. 9B).

In the LV samples, the type II biphase saline fluid inclusions in the
quartz stage yield final ice melting temperatures ranging from−20.1 °C
to −16.6 °C. In the calcite stage, the type II biphase saline fluid in-
clusions yield final ice melting temperatures ranging from −19.3 °C to
−16.3 °C. Total homogenization occurs in the liquid phases of quartz

and calcite at temperatures ranging from 218 °C to 252 °C and 217 to
232 °C, respectively (Fig. 9). The determined salinities remain very
constant through the paragenetic sequence and on the scale of the LV
mine, ranging from 20.0 to 22.5 wt% eq NaCl in quartz and 19.7 to
21.9 wt% eq NaCl in calcite (Steele-MacInnis et al. (2012) equations).
The calculated trapping pore pressures are low, ranging from 19 to 34
bars in quartz and 22–34 bars in calcite (Fig. 9B). The melting tem-
peratures of the LV type III CO2-bearing fluid inclusions range from

Fig. 8. A) Concordia diagrams of volcanic stock samples VR-176 and VR-181 dated by LA-ICPMS on zircon monocrystal. The diagrams, ages, and errors (1-sigma) were generated using
the Isoplot 3.71 program (Ludwig, 2008). Ellipses are 1-sigma errors. Red ellipses correspond to the analyses used for the weighted mean age. Green ellipses correspond to the analyses
used for the emplacement age. B) Concordia diagrams for the U-Pb isotopes of uraninite from the Au-U Placer de Guadalupe deposit. The diagrams, ages, and errors (1♦) were generated
using the Isoplot 3.71 program (Ludwig, 2008). C) Histogram recording distribution of magmatic rocks (in red) and mineral deposits (in blue) within the Chihuahua state, Mexico.
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−59.3 °C to −56.6 °C (Fig. 9C). These temperatures are slightly lower
than the triple point for pure CO2, suggesting the presence of a minor
amount of H2O (and possibly other gases, such as N2 and CH4), which is
confirmed by laser Raman analyses.

On a diagram of salinity (S) versus homogenization temperature
(Th) (Fig. 9C), the Type I and II fluid inclusions from PdA and LV are
separated in two parallel, positively correlated lines. Both correlations

record the same evolution from high-temperature quartz to lower-
temperature calcite with homogeneous high salinity values, suggesting
an adiabatic cooling process and/or low contributions of external
fluids. While PdA is characterized by NaCl-oversaturated fluids, LV
records CO2gas- and liquid-bearing fluid inclusions with lower Th and
salinity than PdA fluids, suggesting that they experienced different
emplacement conditions.

Fig. 9. A) Images of fluid inclusion types; B) temperature of
homogenization vs. halite melting temperature plots for
generations of type I fluid inclusions in quartz and white
calcite cements (modified from Lefticariu et al., 2005); C)
temperature of homogenization vs. salinity plots for gen-
erations of hydrothermal type I and II fluid inclusions in
quartz and white calcite cements, as well as histogram re-
cording the distribution of CO2 melting temperatures of
type III fluid inclusions in quartz.
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5.5. C-O isotopic study of calcite cements from U- and Au-epithermal
systems

To better trace the gold- and uranium-bearing fluid sources and the
mineralization precipitation processes, we sampled and analyzed the
host rock limestone, Fe-calcite and white calcite hydrothermal deposits
from the Puerto del Aire (PdA) and La Virgen (LV) mineralization area
(Fig. 10; Supplementary Table 4).

δ13CPDB and δ18OSMOW values measured in the host rock limestone
record a restricted distribution of 2.58 ± 0.1‰ to 3.71 ± 0.1‰ and
22.04 ± 0.1‰ to 22.75 ± 0.1‰, respectively. δ13CPDB and δ18OSMOW

values measured in Fe-calcite and white calcite samples are comparable
(Fig. 10). The δ13CPDB and δ18OSMOW values of the PdA and LV Fe-

calcite range from −4.8 ± 0.1‰ to −6.8 ± 0.1‰ and from
17.2 ± 0.1‰ to 22.3 ± 0.1‰, respectively. The δ13CPDB and
δ18OSMOW values of the PdA and LV white calcite range from
−4.4 ± 0.1‰ to −6.9 ± 0.1‰ and from 17.5 ± 0.1‰ to
20.7 ± 0.1‰, respectively (Fig. 10). The reported CeO isotopic
compositions of the Fe and white calcite crystals are indistinguishable,
suggest that the carbon is of magmatic origin (Cartigny et al., 1998),
and indicate that the fractionation of oxygen has followed a trend of
low-temperature alteration caused by magmatic–hydrothermal fluids
(Fig. 10).

Assuming that the final homogenization temperature represents the
minimum trapping temperature (see Section 5.4), it is then possible to
calculate the isotopic composition of the parental fluids of the white
calcite events using the isotopic fractionation equations of Zheng
(1999) and Ohmoto and Rye (1979). The δ18Ofluid and δ13CCO2 isotopic
values of the white calcite event at its mean final homogenization
temperature (ca. 266 °C for PdA and 225 °C for LV; Fig. 10) range from
6.9 to 8.5‰ and −1.6 to −0.8‰, respectively. The δ18Ofluid and
δ13CCO2 isotopic values of the white calcite parental fluid range from
9.1 to 13.8‰ (yielding a mean LV and PdA δ18Ofluid value of 11.3‰)
and from −5.3 to −3.6‰ (yielding a mean LV and PdA δ13CCO2 value
of −4.6‰), respectively (Fig. 10; Supplementary Table 4).

5.6. REE compositions of U- and Au-cements and magmatic and
sedimentary host rocks

REE are valuable in identifying the sources of ore-forming materials
and interaction processes, tracing the evolution of hydrothermal sys-
tems, and constraining the genesis of ore deposits (Henderson, 1984;
Klinkhammer et al., 1994). REE concentrations and chondrite-normal-
ized REY patterns of host rocks, Fe-calcite and white calcite hydro-
thermal events measured during this study, as well as additional data
for Permian, Late-Jurassic and Eocene-Oligocene volcanic host rocks
and carbonatite volcanic formations from previously reported studies
are given in Figs. 11A and 10B and Supplementary Table 5.

Fe- and white calcites (FC and WC) are characterized by their re-
latively high total REE concentrations (ΣREE) ranging from 348.6 to
595.9 ppm and from 96.7 to 376.1 ppm, respectively. In addition to REE
and Y (REYs), high field strength elements such as Ba, Nb, Ta, U, Th,
and Zr are present in very small amounts, which are commonly close to
the detection limit in Fe-calcite and an order of magnitude higher in
concentration in white calcite. Fe- and white calcites can be dis-
tinguished by their REY patterns. In both cases, cerium anomalies are
not present or are slightly negative (Ce/Ce∗WC=0.80–0.98; Ce/

Fig. 10. Carbon and oxygen isotopic measurements of calcite from the Au-U Placer de
Guadalupe deposits, shown together with the regional field of limestones (Kimmeridgian
La Casita Formation, Taylor et al., 1967; Lefticariu et al., 2005) and typical mantle
compositions (Ray et al., 1999).

Fig. 11. Chondrite-normalized REE+Y patterns
of magmatic and limestone host rock and calcite
gangue from the Placer de Guadalupe Fe-U-Au
deposit. All data are normalized by chondritic
REE+Y values from Sun, 1989. Data points are
connected by lines where possible, to show gen-
eral patterns.
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Ce∗FC= 0.94–1.0). Additionally, europium anomalies are not present
in Fe-calcite (Eu/Eu∗=0.87–1.40) and are slightly negative in white
calcite (Eu/Eu∗=0.58–0.88; Fig. 11A). They record a narrow range of
LREE (La, Ce, Pr, Nd) usually ranging between 10 and 100 times
chondritic values, but vary greatly in their MREE (Sm, Eu, Gd, Tb, Dy,
Y) and HREE (Ho, Er, Tm, Yb, Lu) concentrations, resulting in Fe- and
white calcites plotting as two populations: Fe-calcites record flat MREE
and HREE shapes (up to 100 times chondritic values) and white calcites
record concave REY shapes (in which MREE and HREE are 10 times that
of chondrite; Fig. 11A; Supplementary Table 5). The Y/Ho ratios in all
mineralized samples range from 22.9 to 28.8.

As a comparison, we also present REE patterns of the main host rock
and potential metal sources. Chondrite-normalized REY patterns of
Eocene-Oligocene and Permian magmatic rocks display high REE con-
centrations with a moderate fractionation pattern (i.e., Y/Ho ratios
ranging from 1.0 to 6.0). REE concentrations, fractionation intensity
and europium anomalies increase over time from the Permian to the
late Oligocene (Fig. 11B; Supplementary Table 5). The sedimentary
formations record weak global fractionation, with REE profiles ex-
hibiting a small negative slope and Y/Ho ratios ranging from 25.0 to
31.3, which are comparable to the calcite cements. Altered sedimentary
formations display a general enrichment compared to the unaltered
rocks; in particular, their LREE concentrations mimic the REY pattern of
the Oligocene magmatic rocks (Fig. 11B; Supplementary Table 5).

6. Metallogenic model of the Placer de Guadalupe Au-U vein
deposits

6.1. Timing of magmatism and U-Au mineralization events

Detailed geological field work shows a very strong structural control
on metal deposition, exhibiting a wide range of Au/U ratios, ranging
from U-only to Au-only deposits. U-Au mineralizations are hosted in
thrust faults that have undergone multiple reactivations. Field ob-
servations, evidence for a dissolution front in the minerals’ paragenesis
and differences in their REE patterns suggest that at least two hydro-
thermal events, with different P-T-x conditions, occurred in the PdG
district (Figs. 5–7). The textural and chemical evolution of the miner-
alizing systems cannot be explained by either water/rock interaction
processes during various mineralization pulses in a long-lived hydro-
thermal system or by the telescoping of two different mineralization
events (McIntosh, 2004; Tosdal et al., 2009; Kodera et al., 2005; Vidal
et al., 2016). The very simple paragenetic succession does not seem to
support the proposed single epithermal Au-U-vein event (Krieger 1932;
Gonzalez Reyna, 1946), which is usually related to a polymetallic hy-
drothermal event (White and Hedenquist, 1990; Phillips and Powell,
2015). Wells (1930) previously obtained uraninite crystallization ages
of ca. 36Ma (U-Pb on unaltered uraninite population, La Virgen U-vein;
Fig. 8). This mineralization age is comparable (within the margin of
error) to the ages determined more recently from the Peña Blanca
(32 ± 8Ma, Fayek et al., 2006; Angiboust et al., 2012; Fig. 8) and San
Carlos U-bearing volcanic deposits (Reyes-Cortés et al., 2010; Fig. 8).
This suggests that regional U-mineralizing pulses with various miner-
alizing styles produced the vein- and volcanic-related type deposits. The
unaltered uraninite population dated from the La Virgen U-vein (Wells,
1930) and the gold-cemented uraninites analyzed from the Puerto del
Aire Au-U vein are comparable in their paragenetic position and are
thus assumed to have precipitated from the same mineralizing epi-
thermal event at 36–32Ma (Wells, 1930; Fayek et al., 2006).

The gold-cemented uraninite from the Puerto del Aire Au-U vein
yields a U-Pb age of ca. 21Ma, which is almost 15Ma younger than the
measured age of the unaltered uraninite (Fig. 8). Fluids and/or thermal
events affecting uraninite after its original formation may result in the
complete or partial resetting of U-Pb systematics (Fayek and Kyser,
1997; Finch and Murakami, 1999). The uraninite has the ability to be
reset and/or to dissolve and precipitate a secondary uranium mineral

(Fayek and Kyser, 1997). This Miocene age thus does not represent the
uraninite’s crystallization age but instead the date of the last alteration
event affecting the uraninite, which in this case, is the mineralizing
event of gold cementing the uraninite fracture. U-Pb geochronology
results confirm petrographic evidence of the occurrence of two distinct
U and Au mineralizing events, which are Late Eocene and Early Mio-
cene in age, respectively.

The U-Pb and K-Ar emplacement ages obtained from the dated
volcanic rocks yield a tight range of emplacement ages from ca. 38.5 to
ca. 35.7 Ma (Fig. 8). These intrusions are comparable in their strati-
graphic position and ages to the Meza and carbonatite volcanic for-
mations (Alba and Chavez, 1974; McDowell and Maugher, 1994). The
overlapping ages of the volcanic intrusions (ca. 38.5–ca. 35.7 Ma) and
the U-mineralization event (ca. 36Ma) within the Placer de Guadalupe
U district strongly indicate that these intrusions are a potential source
of metals and heat (Fig. 8). The second volcanic sequence of the SMOc
is characterized by its REE and volatile enrichment, with uranium
content ranging from 3 to 15 ppm and from 2 to 637 ppm in the car-
bonatite volcanic formations (ca. 38Ma to ca. 34Ma; Cameron et al.
(1989); McDowell and Mauger (1994); Orozco-Esquivel et al. (2002);
Oviedo-Patron et al. (2010); Nandigam et al. (2009); Iriondo et al.
(2004)). Therefore, the late Eocene volcanic intrusions represent an
efficient thermal and potential metal source for the generation of the U-
mineralizing hydrothermal event.

Within the Placer de Guadalupe mining district, no magmatic rocks
record ages are comparable to that of the gold mineralization event (ca.
21Ma; Fig. 8). This early Miocene age is also an outlier within the re-
gional Eocene to Mio-Pliocene metallogenic history (McDowell and
Maugher (1994); Ferrari et al. (2005); Camprubi (2013); Villarreal-
Fuentes et al. (2016); Fig. 8). Regional Miocene magmatic activity is
limited to the Trans Pecos magmatic domain and the Chihuahua alkalic
basalt dyke swarm, which share a structural direction and a relative age
range of emplacement (27–24Ma; K-Ar in whole rocks; Price et al.,
1987; Cameron et al., 1989), as well as the recently dated ignimbrite
outcrops in western Chihuahua (28–23Ma; U-Pb in zircon; Mahar et al.,
2016). The presence of bimodal magmatism and gold mineralization
suggests that an important regional extensional and potential hydro-
thermal event occurred during the Early Miocene
(Figs. 8 and 12A and B).

6.2. U-Mineralizing event

In the PdG district, the late Eocene U-mineralizing event is related
to the precipitation of REE-rich calcite, Fe-calcite cements, Fe-oxides
and uranium minerals (mostly uraninite). Within different host-rocks
throughout the district, the U-hydrothermal event appears to have
generated a discrete Fe-oxide dissemination area. Uraninites are not
homogeneously disseminated throughout mineralizing veins. Instead,
uranium-rich pockets are defined when veins crosscut regions that are
rich in organic matter, such as in the middle Jurassic Upper Plomosas
sandstone formation and at other stratigraphic levels. In the La Virgen
and Puerto del Aire mines, no microthermometric data were obtained
from uranium minerals hosted in Fe-calcite cement. However, in-
dicators of mineral paragenesis, such as uranium co-precipitated with
REE and Fe-calcite and magnetite (Fig. 7), indicate the presence of
fluids with neutral pH and high fO2, thus suggesting the participation of
meteoric fluids. C-O isotopic data obtained from Fe-calcite indicate a
process of low thermal alteration involving the participation of “hot
fluids” interacting with a relatively shallow Eocene volcanic heat source
and Mesozoic limestone host rock during the processes of uranium
transport and precipitation (Fig. 10). Sources of U and REE are always
complex. Eocene volcanic rocks have been invoked as the sources of the
main U deposits in Chihuahua (Goodell, 1981; George-Aniel et al.,
1991; Angiboust et al., 2012; Villarreal-Fuentes et al., 2016). The
fractionation of the REE has been used to trace geochemical processes
associated with hydrothermal activity, including water-rock interaction
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in hydrothermal systems, the evolution of hydrothermal fluids, degas-
sing of magmatic acid volatiles, mineral precipitation and dissolution.
In Fig. 11, the HREE concentration of limestone is 1 and 2 orders of
magnitude lower than the REE concentration of the recrystallized

limestone and Fe-calcite, respectively, thus suggesting the involvement
of other REE-enriched rocks. The few rocks in the Placer de Guadalupe
district with high REE concentrations are the Upper Eocene volcanic
formations with REE up to 2000 ppm. The carbonatite volcanic event

Fig. 12. A) Suggested regional geological model of the genesis of the telescoped Placer de Guadalupe Au-U epithermal deposit (modified de Ricketts et al., 2015). B) Schematic genetic
model of the Placer de Guadalupe Au-U deposit. Structural transect is modified from Hennings (1994) and Villarreal-Fuentes et al. (2016).
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could present REE up to 23000 ppm (Nandigam et al., 2009). Most
acidic fluids from continental geothermal fields have a very distinctive
“gull wing” pattern, which has a negative Eu anomaly, although some
low-pH hot waters show LREE enrichment and positive or no Eu
anomalies. The lack of an Eu anomaly in the Fe-calcite REE pattern
suggests that magmatic or volcanic-related fluids were absent in this
process (Nozaki et al., 1999; Fig. 11). The Th/U values of ores, minerals
and host rocks reflect the oxidation-reduction features of the geological
environment (Jones and Manning, 1994): (1) the Th/U value of the
oxidizing environment is less than 0.75; (2) Th/U=0.75–1.25 re-
presents a transitional anoxic environment; (3) the value of Th/U of the
reducing environment is> 1.25. The Th/U values of Fe-calcite are
lower than 0.75 and vary from 0.14 to 0.28, illustrating relatively
strong oxidation of low-pH hot ore-forming fluids. HREE enrichment
and high Y/Ho ratios are typical characteristics of a carbonate source
(Spier et al., 2007; Franchi et al., 2015). In northern Mexico, the geo-
chemical behavior of the Upper Eocene to Oligocene volcanic sequence
suggests that it originated by variable degrees of non-modal partial
melting of granulitic low-crustal rocks, which produced chemical dis-
equilibrium during the melting process (McDowell and Mauger, 1994;
Orozco-Esquivel et al., 2002; Ricketts et al., 2015). Partial melting is
induced by asthenospheric upwelling through crustal break-up and
extension (Ricketts et al., 2015). The same geodynamical process in-
creases the generation of magmatism and the thermal anomaly gra-
dient. The Eocene-Oligocene volcanic sequence is characterized by
high-silica, peraluminous rhyolites, which are strongly enriched in
some incompatible lithophile elements (such as U) and locally ending
by carbonatite volcanic formations rich in La and Ce as the U calcite
cement event (McDowell and Mauger, 1994; Orozco-Esquivel et al.,
2002; Nandigam et al., 2009). The increased Eocene-Oligocene crustal
extension allowed meteoric oxidized water to infiltrate along re-
activated crustal faults. These heated and oxidized meteoric fluids were
efficient at mobilizing the uranium contained in the felsic Eocene vol-
canic and carbonatitic glass. In summary, the PdG district contained the
three necessary conditions to form U-vein deposits: (1) a metal and heat
source, represented in this case by late Eocene volcanism and, in par-
ticular, a carbonatite volcanic event; (2) an efficient transport me-
chanism for large-scale meteoric water inputs, which were channeled,
heated and U-enriched from a deep U source to a shallow sedimentary
chemical trap through reactivated crustal Eocene faults; (3) an effective
trap, which is represented here by the reducing conditions front induce
by organic matter-rich sedimentary formations. A comparable genetic
model was partially suggested for the Peña Blanca U-deposit (Angiboust
et al., 2012). The Peña Blanca and PdG deposits formation have com-
parable age (32–36Ma), ascending meteoritic fluids as U transport
mechanism, Eocene magmatism as U source, and the U precipitation
controlled by MO occurrence which inducing redox conditions mod-
ification in the mineralizing system. The most significant differences are
the stronger tectonic controlled observed in PdG; the host rocks nature,
Mesozoic sedimentary and plutonic in PdG versus Eocene volcanic in
Peña Blanca; and the emplacement depth and temperature of the mi-
neralizing fluid, higher in PdG. If this genetic model seems to be suf-
ficient to explain the formation of the PdG U-event, it only represents
the first stage of the Peña Blanca U-deposit (Angiboust et al., 2012). The
wealth of the Peña Blanca U-deposit is related to 30Ma of reactivations
(Angiboust et al., 2012; Villarreal-Fuentes et al., 2016) and U-re-
mobilization events favor by continuous meteoritic oxidized fluids
shallow infiltration and microbial reducing activity (Angiboust et al.,
2012).

6.3. Au-mineralizing event

The presence of Fe-calcite dissolution, host rock sericitization, cal-
cite REE anomalies and CO2-rich quartz and calcite cements indicate
the participation of more reduced and acidic hydrothermal fluids with a
magmatic component in the PdA and LV mines. The C-O isotopic values

of white calcite crystals suggest that the carbon has a magmatic origin
(Cartigny et al., 1998), and that the fractionation of oxygen follows the
trend of low-temperature alteration caused by magmatic-hydrothermal
fluids (White and Hedenquist, 1990; Simmons et al., 2005; Fig. 10) as is
also seen in U-mineralizing events. The calculated δ18OH2O values of
Au-bearing white calcite from the PdA and LV mines form a line con-
necting the isotopic values of the local limestone host rocks with those
of standard hydrothermal calcite (White and Hedenquist, 1990;
Simmons et al., 2005; Lefticariu et al., 2005; Fig. 10); this distribution
could be interpreted to reflect either increasing fluid-rock interaction
with δ18O-rich wall rocks, or the input of δ18O-rich fluid from an ex-
ternal source. The latter scenario is less likely, because the petrology,
Th and salinities of fluid inclusions from the PdA and LV mines show
negligible evidence of fluid mixing (Figs. 9 and 10). In addition, the
evolution from silicification and sericitization to carbonatization sur-
rounding mineralizing vein alterations in the PdA and LV mines in-
dicate that fluid-rock interaction is a more realistic hypothesis. The REE
patterns of white calcite record a decrease in HREE compared to that of
the Fe-calcite cement. Hydrothermal fluids enriched in Cl can effec-
tively concentrate light REE but deplete HFSE, whose values of Hf/Sm,
Nb/La and Th/La are usually less than 1 (Oreskes and Einaudi, 1990).
Besides fluids with an acidic pH are likely more suitable for leaching
LREEs during alteration of the host rock or Fe-calcite cement. The
leaching of LREEs in the white calcite cement occurred through the
dissolution of REE- and Fe-bearing carbonates by acidic hydrothermal
solutions and their precipitation during the modification of hydro-
thermal fluid pH by host-rock interactions (Cantrell and Byrne, 1987).
The Au-mineralizing fluids are NaCl-oversaturated and CO2-rich fluid
inclusions (type I and II). Quartz and aqueous white calcite-bearing
fluid inclusions range in Th from 217 °C to 305 °C, with homogeneous
high salinities ranging from 20 to 39 wt% eq NaCltotal salinity. In PdA,
the Type I final fluid inclusions achieve homogenization by halite dis-
solution, which suggests that they were trapped in liquid-stable and
vapor-poor fluids (Cline and Bodnar, 1994) and thus represent the P-T
trapping conditions of the mineralizing fluids. If CO2 traces were de-
tected in Type I fluid inclusions from the PdA quartz and white calcite
stages, then no contemporaneous CO2-bearing or vapor-rich inclusions
were observed. Also, in PdA, salinity and the liquid-to-vapor ratio are
very homogeneous throughout both time and space. These observations
suggest an entrapment of immiscible fluid at P-T conditions below the
ebullition level and the absence of a meteoric fluid mixing process
(Fig. 9). The arrangement of LV fluid inclusions is more complex,
showing an assemblage of CO2 gas- (type III) and liquid-bearing fluid
inclusions with aqueous biphasic fluid inclusions (type II) with lower
Th and salinity than Type I PdA fluid inclusions, suggesting different
and probably shallower emplacement conditions. Fluid inclusions that
homogenize by halite disappearance, as observed in PdA, are common
in many hydrothermal ore deposits, including porphyry copper (Bodnar
and Beane, 1980), skarn (Baker and Lang, 2003) and iron-oxide copper
gold (IOCG; Niiranen et al., 2007) systems, as well as in medium- to
high-grade metamorphic environments (Scambelluri et al., 1997).
NaCl-oversaturated fluid inclusions can be the result of fluid exsolution
from a crystallizing melt or through the immiscibility of aqueous fluids.
Coexisting vapor- and liquid-rich fluid inclusions, such as those ob-
served in LV, are generally interpreted as indicators of fluid boiling or
immiscibility. Fluid boiling is characterized by (a) petrography (i.e.,
bladed calcite) (b) different coexisting types of fluid inclusions, (c)
contrasting salinity values but similar Th values, (d) coexisting vapor-
and liquid-rich fluid inclusions, and (e) heterogeneous L/V ratios. Ac-
cording to the criteria defined by Ramboz et al., 1982, to identify fluid
immiscibility, pairs of liquid- and vapor-rich inclusions must: a) de-
monstrate simultaneous trapping; b) record homogenization tempera-
tures in a comparable temperature range via opposite modes of
homogenization; and c) decrepitate in a comparable temperature range
if they are similar in size and shape. In LV or PdA, no bladed calcite is
observed. The fluid inclusion assemblage in LV show simultaneous
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trapping, comparable homogenization temperatures, and homogeneous
L/V ratios, suggesting immiscibility. The different homogenization
temperatures and the presence of fluid inclusions with comparable
densities in LV and PdA suggest that they underwent different evolu-
tions from a unique fluid source. Mineralization in the PdA and LV
mines occurs in different fault blocks within the structural thrust stack.
Mineralizing fluids are divided at depth; gold-mineralizing brine likely
separated from the parental magma at depth, but both ascended during
the same time through the reactivated thrust fault system related to the
RGR extension. In PdA, the mineralizing brine never reached the
ebullition level. In LV, the extension rate was probably higher, which
allowed CO2 degasification to start. The P-T trapping conditions for the
gold mineralization event in the PdA mines were calculated using
Lecumberri-Sanchez et al. (2012) equations. The Type I fluid inclusions
(i.e., the NaCl-oversaturated fluid inclusions in PdA) were trapped at a
wide range of pressure (from ca. 130 to 900 bars) and temperature
(from 266.6 °C to 305 °C) (ThNaCl) conditions. The minimum thickness
of the overlying rocks of the orebodies is estimated to be less than
500m or ca. 130 bars, which is in good agreement with the known
regional geological column (Haenggi, 2001; Villarreal et al., 2014). This
difference between lithostatic and fluid pore pressure implies that the
mineralizing system in PdA was partially caused by overpressure, which
is coherent with the Fe-calcite hydraulic fractures observed in the mi-
neralized veins. The greater relative trapping pressure observed in
calcite than quartz suggests that quartz precipitation could have par-
tially sealed the porosity of the host rock and faulted the Fe-calcite
cement of this epithermal pulsative system.

Magmatic-hydrothermal Au deposits are usually enriched in many
different metals, including S, Cu, Mo, Sb, Bi, W, Pb, Zn, Te, Hg, As, and
Ag (Richards, 2009; Phillips, 2013). In gold-only mineralizing districts,
such as PdG, three plausible sources have generally been proposed: (1)
felsic-intermediate magmas, which release fluids as they crystallize, (2)
a hypabyssal magmatic source and (3) metamorphic rocks, from which
fluids are generated as temperatures increase (Goldfarb et al., 2005;
Phillips and Powell, 2015). Within the PdG district and its close re-
gional area, no evidence of Late Miocene magmatism has been observed
to date (Fig. 8). In the Placer de Guadalupe deposits, various gold-only
districts do not record coeval magmatic intrusions but do exhibit an
important fertile greenschist-facies metamorphic sequence (Wilson
et al., 2013). The best source for the generation of auriferous fluids is
thus considered to be the greenschist- to amphibolite-facies transition
(Elmer et al., 2006). The passage of greenschist-facies rocks to higher
metamorphic grade involves devolatilization (2–5wt% aqueous fluid);
the fluid generated is used to mobilize gold and transports it to shal-
lower levels in the crust where the gold may then be precipitated. The
determination of the gold sources, presence of NaCl-oversaturated
fluids and CO2-rich immiscible liquids suggest a potential amphibolite
source (Fig. 12B). The Late Miocene period in Chihuahua is more clo-
sely related to a regional extensional peak than a period of regional
metamorphism. However, amphibolite melting could have been in-
duced by magmatic intrusion or by the end of partial melting (enriching
the melt in incompatible elements as gold) related to isothermal growth
(heating crust). In Central Chihuahua, the Grenvillian basement is
composed of meta-igneous rocks (1080–1333Ma, Blount (1993)) and
undated amphibolite intruded by trondhjemite, tonalite and granite
(Mauger et al., 1983; Fig. 12B). These rocks were exposed to a con-
tinually heating crust by magmatic intrusions from the Laramide or-
ogeny, Eocene to Oligocene volcanism (Basin and Range), and an Early
Miocene heat pulse from an asthenospheric plume and mantle intru-
sions (Ricketts et al., 2015; Fig. 12A and B). This anomalous heat flux
was amplified by an increasing extensional regime from the Paleocene
to the present. The heat propagating through the crust as a consequence
of the Laramide and Basin and Range tectonism continued throughout
the Rio Grande Rift transition period. This continued heat flow drove
the widespread high-temperature low-pressure metamorphism of the
crustal amphibolite source rocks during the ideal structural period that

liberated the Au-mineralizing fluids and drove them to a shallow crustal
level (Fig. 12B).

The factors controlling variations in the ratios of metals within
mineralized structures and/or on a district scale can be determined
based on petrographic evidence or generally by assuming that Ag and
Au undergo cogenetic precipitation. Ag and Au cogenetic precipitation
is usually assumed even when the vein texture is characterized by
banding and a pulsating hydrothermal system (i.e., in an epithermal
low-sulfidation-type deposit). In PdG, as in most of the Ag-Au Mexican
low sulfide epithermal deposits, no radioactive dating minerals have
been directly linked in areas with high gold concentrations. The ages of
the world-class Mexican Oligocene Ag-(Au) deposits have been in-
directly determined by K-Ar or 40Ar-39Ar dating in adularia (Camprubi,
2013). Adularia is a characteristic mineral of low-sulfidation epithermal
Ag deposits, which is easy to observe in underground deposits and to
date by traditional K-Ar or 40Ar-39Ar techniques. However, fluids in Au
epithermal deposits are high-sulfidation-type fluids where adularia is
rare; therefore, dating is generally performed on sericite or alunite
(Sillitoe, 1993). It is possible that dating the most obvious mineral in
the world-class Mexican Oligocene Ag-(Au) deposits only reveals one
part of its metallogenetic story. The presence of uraninite in the PdG
early mineralization event can be used to decipher the telescoped
characteristics of the Au-U Placer de Guadalupe epithermal deposit. It
allows us to identify a gold Miocene deposit far from they were pre-
viously described, in SMO and central Mexico (Ramos Rosique et al.,
2011; Mascuñano et al., 2013). This first Miocene gold deposit raises
questions about the supposed homogeneity of the world-class Mexican
Oligocene Ag-(Au) district and the ways in which we date them. In the
Fresnillo/Saucito Au-Ag district, Velador et al. (2010) recorded an
adularia argon step-heated spectra from an Au-dominant structure (the
Saucito mine). Adularia from the Valdecanas vein records a climbing
age spectrum related to hydrothermal alteration (Velador et al., 2010).
The authors generally interpreted this analysis to reflect perturbed
spectra in which the final step was representative of the crystallization
age (ca. 29Ma), but they did not question the source of the alteration
(producing low-temperature ages close to 24Ma) (Velador et al., 2010).
As observed in PdG and in various gold-only epithermal deposits, mi-
neralization is not always spatially related to magmatism and alteration
can be discrete (Goldfarb et al., 2005; Phillips and Powell, 2015). In the
Valdecañas vein, host-rock sericitization, high Au/Ag ratios and in-
creasing homogenization temperatures could be pertinent proxies for
the occurrence of an early Miocene gold mineralization event in the
Fresnillo district. Structural and magmatic evidence of punctual Mio-
cene extension are present from the Placer de Guadalupe district in
central Chihuahua to the Fresnillo district in Central Mexico (Nieto-
Samaniego et al., 2005). Late Oligocene to Miocene mineralization
events are locally reported. Mascuñano et al. (2013) presented late
Oligocene ages (of ca. 25Ma) from Re/Os dating of antimonite from the
Wadley Sb deposits. Antimonite and gold have comparable geochemical
behaviors (Seward, 1993). The new Placer de Guadalupe genetic model
represents a new milestone in the metallogenic evolution of central and
northern Mexico. It is a necessary to question the genetic model pro-
posed thus far for Ag-Au world class epithermal districts in Mexico,
such as those in Fresnillo. In summary, data from the Miocene miner-
alization in the Fresnillo, Real de Catroce and Placer de Guadalupe
deposits indicate that we should remain open to new perspectives re-
garding the exploration of gold in central and northern Mexico.

7. Conclusions

The Au-U Placer de Guadalupe deposit should be reconsidered as a
telescoped epithermal deposit. The deposit’s formation occurred during
two high-rate extensional events, ca. 36Ma and ca. 21Ma, which re-
sulted from a continuous extensional period ca. 50Ma. Eocene/
Oligocene subduction generated high extension rates, which were re-
lated to widespread volcanism, mantle wedge metal enrichment and
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asthenospheric thinning. These geodynamical conditions allowed the
emplacement of high-silica, peraluminous rhyolites, which were
strongly enriched in incompatible lithophile elements, as well as U-re-
lated deposits, including the Placer de Guadalupe uranium veins.
Heated and oxidized meteoric fluids were efficient at mobilizing ur-
anium contained in Eocene felsic volcanic and carbonatitic glass, which
then precipitated metals in a shallow, organic matter-rich level of the
middle Jurassic upper Plomosas sandstone formation. The Miocene
RGR extensional peak, coupled with depleted asthenospheric uplift,
facilitated the fusion/metamorphism of the lower crust and the expul-
sion of large amounts of CO2-bearing fluids to a shallower crustal level
through the reactivated crustal Laramide thrust faults (Fig. 12A). Their
interaction with the entire stratigraphic column, from Grenvillian to
Late Triassic basement, favored the leaching of gold and the enrichment
of CO2-bearing fluids. Gold deposition was not induced by boiling but
was instead caused by water-rock interaction with U mineralization and
the Upper Plomosas shale (Fig. 12B).

The Au-U Placer de Guadalupe telescoped epithermal deposit is an
outlier in the Mexican epithermal system due to its unusual composi-
tion and age. Because the Au-U Placer de Guadalupe deposit is the
youngest Mexican gold deposit reported in Central and North Mexico,
its genetic relationship with the BnR and RGR transition provides a new
perspective regarding the exploration of gold Miocene epithermal de-
posits in northern Mexico and the southern USA.
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