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ABSTRACT

New data on the stratigraphy, biostratigraphy, detrital zircon U-Pb,
and Hf isotope geochronology of a Lower Cretaceous succession of
the Bisbee Group in northern Sonora, Mexico that accumulated in
the Altar-Cucurpe sub-basin help to constrain ages of their formations
and documents the detrital provenance. These tectonically shortened
strata, studied in the Arizpe area, crop out in the Cerro La Ceja
block (CCB) composed of the upper Morita Formation, the complete
Mural Limestone, and Cintura Formations, and the lower part of La
Juana Formation. The Sierra Los Azulitos block (SAB), composed of
the Mural Limestone, is thrust eastward over the CCB. A measured
section of the Mural Limestone in the SAB block includes the upper
Tuape Shale, Los Coyotes, Cerro La Puerta, and part of the Cerro La
Espina members whose age is constrained as upper Aptian to lower
Albian based on benthic and planktonic foraminifera, bivalves and
echinoderms. The age of the boundary between the Morita and Tuape
Shale Member is constrained by detrital zircon maximum depositional
ages (MDA) of 115.8+1.1 Ma and 113.9+0.8 Ma, respectively. The
MDA of the upper Mural is 111.6+1.6 Ma and the MDA of basal
Cintura Formation is 108.8+1.1 Ma. The La Juana Formation has
upper Albian bivalves and echinoderms.

About one-quarter of the detrital zircon grains dated from the five
sandstone samples have Proterozoic ages with age peaks that clearly
indicate provenance from basement rocks of southwestern Laurentia.
More than two-thirds of the grains are of Jurassic and Early Cretaceous
age in about the same proportions, and have main peaks at 166, 150, and
118 Ma. The Jurassic grains may have sources in rocks of the Jurassic
Cordilleran continental magmatic arc of southwestern North America,
and the most probable sources for the Cretaceous grains are arcs of the
Peninsular Ranges batholith that by that time were located adjacent to
coastal Sonora. Jurassic and the Early Cretaceous zircons dated from

195.3 to 106.8 Ma both have mixed ¢Hf(t) values that range from 9.53
to -21.28, and Tpy model ages between 0.4 to 0.8 Ga for the primitive
grains, and 0.8 to 1.3 Ga for the more evolved zircons. The probable
source for the Jurassic grains with negative eHf values might be local
granites of that age in northern Sonora that have Neoproterozoic Tpy
model ages. In contrast, sources for the Jurassic zircon with positive Hf
values may be Jurassic igneous and metaigneous rocks of the Peninsular
Ranges Batholith of the Californias, although data reported are scarce.
Similarly, the Early Cretaceous detrital zircon grains with mixed
positive and negative eHf values may have provenance from igneous
rocks of the Peninsular Ranges Batholith-Sierra Nevada magmatic arc.

Keywords: Bisbee Group; Aptian-Albian biostratigraphy; MDA
formational boundaries; U-Pb detrital zircon; Hf isotope; detrital
provenance.

RESUMEN

Nuevos datos estratigrdficos, bioestratigrdficos, de geocronologia
U-Pb e isétopos de Hf en circones detriticos de una sucesion del Grupo Bis-
bee que fue acumulada durante el Cretdcico Temprano en la sub-cuenca
Altar-Cucurpe, en el norte de Sonora, ayudan a precisar las edades de los
limites entre sus formaciones y a documentar la proveniencia detritica.
Estas rocas, que fueron estudiadas en el drea de Arizpe, presentan un
marcado acortamiento tecténico y afloran formando el bloque del Cerro
La Ceja (CCB) que estd compuesto por la parte superior de la Formacién
Morita, las secuencias completas de las formaciones Caliza Mural y Cin-
tura, y la parte inferior de la Formacién La Juana. El bloque del Cerro La
Ceja estd cabalgado hacia el oriente por el bloque de la Sierra Los Azulitos
(SAB) compuesto por la Caliza Mural. En el bloque SAB se midié una
columna de la Caliza Mural que incluye la parte superior del Miembro
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Lutita Tuape, los miembros Los Coyotes y Cerro La Puerta y la parte
inferior del Miembro Cerro La Espina para los cuales se tiene una edad
de Aptiano tardio a Albiano temprano, de acuerdo a la identificacion
de foraminiferos bentdnicos y plactonicos, bivalvos y equinodermos. De
acuerdo a edades mdximas de depésito (MDA) obtenidas por la datacién
U-Pb de circones detriticos, el limite entre la Formacién Morita y la Lutita
Tuape estd definido por sus edades de 115.8+ 1.1 Ma y de 113.8 + 0.9 Ma,
respectivamente. La MDA de la parte superior de la Caliza Mural es
de 111.6+ 1.6 Ma, mientras que de la base de la Formacién Cintura se
obtuvo una de 108.8+1.1 Ma. La edad de la Formacion La Juana es
Albiano tardio con base a bivalvos y equinodermos.

Cerca de una cuarta parte de los circones detriticos fechados de cinco
muestras de arenisca son de edad proterozoica, con picos de edad que
claramente indican que sus dreas fuentes fueron rocas del basamento del
suroeste de Laurencia. Por otra parte, mds de dos terceras parte de estos
circones son del Jurdsico y del Cretdcico Temprano, en proporciones casi
iguales, y tienen picos de edad de 166, 150 y 118 Ma. Los granos de edad
Jurdsica pueden provenir de las rocas del Arco Cordillerano continental
del suroeste de Norteamérica y las fuentes mds probables para los granos
del Cretdcico Temprano son los arcos del Batolito Peninsular que en ese
tiempo se encontraban adyacentes a la costa de Sonora. Algunos de los
circones detriticos del Jurdsico y del Cretdcico, que tienen edades de 195.3
a 106.8 Ma, dieron valores de eHf(t) mixtos que van de 9.53 to -21.28 y
edades modelos Ty, entre 0.4 a 0.8 Ga para los granos mds primitivos,
y de 0.8 a 1.3 Ga para los mds evolucionados. Las dreas fuentes mds
probables para los granos del Jurdsico con valores negativos de eHf pueden
ser granitos de esa edad, del norte de Sonora, que también tienen edades
modelo del Neoproterozoico, mientras que las dreas fuente para los
circones del Jurdsico con valores positivos de eHf pueden ser rocas igneas
y metaigneas del Batolito Peninsular en California y Baja California,
aunque los datos son escasos. Del mismo modo, las dreas fuentes para
los circones detriticos del Cretdcico Temprano que muestran valores
positivos y negativos de eHf puede ser el arco magmadtico del sistema
Batolito Peninsular-Sierra Nevada.

Palabras clave: Grupo Bisbee; bioestratigrafia Aptiano-Albiano; edades
mdximas de depdsito; geocronologia U-Pb circones detriticos; isdtopos
de Hf; procedencia detritica.

INTRODUCTION

The latest Jurassic-Early Cretaceous Bisbee basin in the border
region of southwestern North America records extensional tectonic
and sea-level events that were associated with the westward migration
of the Jurassic continental magmatic arc and with the opening of
the Gulf of Mexico (Dickinson et al., 1986; Lawton and McMillan,
1999). The lithologic succession and age of the Bisbee Group that was
deposited in this basin document the continental source areas of its
clastic sediments and the marginal Gulf of Mexico biostratigraphy
that are recorded by several marine incursions. The Early Cretaceous
Bisbee basin was located west of the stable Comanche shelf, on the
northwestern margin of the Mesozoic Gulf of Mexico (Figure 1). The
tectonic and stratigraphic history of this basin relates to the formation
of the numerous tectonic blocks and platforms that now compose much
of eastern and southern Mexico (Cantt Chapa et al, 1985; Martini and
Ortega-Gutiérrez, 2018).

Strata of the Bisbee Group were first studied by Ransome (1904),
who named its formations in southeastern Arizona. From the base
upwards these are the Upper Jurassic Glance Conglomerate, and the
Lower Cretaceous Morita Formation, Mural Limestone, and Cintura
Formation, whose outcrops extend south into northern Sonora
(Taliaferro, 1933; Gonzalez-Ledn et al., 2008). Hayes (1970) named the
Bisbee basin as the depocenter where the Bisbee Group accumulated
and noted alluvial and fluvial origins for the Glance Conglomerate and
the Morita and Cintura formations, and a shallow marine origin for
the mixed carbonate and siliciclastic Mural Limestone.

The Bisbee basin in southeastern Arizona, southwestern New
Mexico, and northeastern Sonora (Figure 1) is proposed to have
formed as a rift associated with extensional tectonics in a back-arc
setting and by NW-SE extensional faulting related to the opening of
the Gulf of Mexico during the Late Jurassic (Dickinson et al., 1986;
Lawton and McMillan, 1999; Bassett and Busby, 2005; McKee et al.,
2005). In this region, the Glance Conglomerate represents early rift
alluvial deposits, and the fluvial and shallow marine Lower Cretaceous
formations are related to post-rift sedimentation. The Bisbee basin of
southern Arizona and northern Sonora has been subdivided by Lawton
et al. (2020) into the northwest-trending Huachucha and Bootheel,
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Figure 1. Aptian-Albian schematic paleogeographic setting of the Bisbee Basin within the framework of the Gulf of Mexico region. It shows the location of the
study area in Sonora, the basin rift shoulders, the Altar-Cucurpe (A-C), Huachuca (H) and Bootheel (B) sub-basins, the Cananea high (c-h) and other localities
mentioned in the text: Cerro de Oro (co), Sierra El Chanate (sc), Tuape-Cucurpe (t-c), Lampazos (Iz), Peninsular Ranges batholith (PRB), Sierra Nevada batholith
(SNB), and Alisitos arc (AA). Figure modified in part from Lawton et al. (2020). States of northern Mexico are Chihuahua (CHIH), Coahuila (COAH), Nuevo

Ledn (NL), Tamaulipas (TM), Sinaloa (SIN) and Durango (DUR).
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and Altar-Cucurpe sub-basins, located to the north and south of
the Cananea paleohigh (McKee and Anderson, 1998), respectively
(Figure 1).

Other Lower Cretaceous formations in northern Sonora that
are part of the Bisbee Group include the lower Aptian Cerro de Oro
Formation (Gonzalez-Le6n and Lucas, 1995) and its lateral equivalent,
the Rancho La Colgada Formation (Monreal et al., 1994; Peryam et al.,
2012), that record initial Early Cretaceous marine transgression into the
basin (Figure 2). The Rancho La Colgada Formation unconformably
overlies marine strata of the Upper Jurassic Cucurpe Formation in the
Tuape-Cucurpe region (Figures 1 and 2), and along with the Cerro de
Oro Formation, underlies fluvial strata of the Morita Formation. The
Mural Limestone overlies the Morita Formation and is composed of
the gradational Cerro La Ceja, Tuape Shale, Los Coyotes, Cerro La
Puerta Shale, Cerro La Espina, and Mesa Quemada members (Lawton
et al., 2004) that represent a carbonate and siliciclastic shallow shelf
that was formed during a second marine transgression into the basin.
The fluvial strata of the Cintura Formation that overlie to the Mural
Limestone are in turn overlain by the carbonate and clastic succession of
the La Juana Formation (Mauel et al., 2011) that records a third marine
transgression. The La Juana Formation is a lateral equivalent of the
upper Albian Nogal Formation (Figure 2) that is the younger part of
the ca. 2.5 km-thick Lampazos Group, which in southeastern Sonora
is a deeper marine facies correlative with the Bisbee Group (Scott and
Gonzalez-Ledn, 1991; Monreal and Longoria, 2000).

In northern Sonora, the Bisbee Group formations have been
dated by biostratigraphy and radioisotopic methods (Scott et al., in
press). The angular unconformity between the Rancho La Colgada
Formation and the underlying Cucurpe Formation records a Late
Jurassic-Early Cretaceous tectonic event that is constrained by the ca.
150 Ma U-Pb age of a rhyolitic tuff in the upper Cucurpe Formation,
and a U-Pb detrital zircon maximum depositional age (MDA) of ca.
134 Ma obtained for the Rancho La Colgada Formation (Mauel et al.,
2011; Peryam et al., 2012; Lawton et al., 2020). The age of the Morita

Sierra El Cerro de
Chanate Oro

Tuape-Cucurpe

Formation in northern Sonora is regionally constrained by MDAs of
ca. 125 Ma at its base (Peryam et al., 2012; Gonzélez-Leén et al, 2020),
and ca. 116 Ma at its top (Peryam et al., 2012).

The biostratigraphic Aptian-Albian boundary (113.0 Ma; IUGS,
2020) has been proposed to fall within the lower part of the Mural
Limestone close to the contact between the Tuape Shale and the Los
Coyotes members (Gonzalez-Leon et al., 2008), while the age of the
boundary between the Mural Limestone and the Cintura Formation
is younger than early Albian by biostratigraphy, but is not constrained
by geochronology.

Sandstone compositions of the Morita Formation vary from east to
west in the basin in northern Sonora, indicating different provenances.
In northeastern Sonora (Gonzalez-Leo6n et al., 2020), sandstone is
dominated by quartz-rich arkose to feldspathic litharenite, indicating
provenance from a transitional continental block and recycled orogen
(Dickinson, 1985), respectively. In north-central Sonora, the Morita
sandstones are mostly quartz-rich litharenites that indicate provenance
from a recycled orogen (Peryam et al., 2012). In northwestern Sonora,
the Morita sandstones are rich in lithic grains, with subordinate quartz
grains, and mostly classify as feldspathic litharenite, which indicates
provenance from a transitional arc (Jacques-Ayala, 1995).

The lithic grains of the Morita Formation in northeastern Sonora
are dominantly felsitic volcanic, but toward the west, in north-central
Sonora, the volcanic grains have microlitic and lathwork textures
(Peryam et al., 2012). In the Sierra El Chanate, the proportion of
felsitic volcanic grains is still dominant, but the volcanic microlitic and
vitric grains become more abundant (Jacques-Ayala, 1995). Sandstone
composition of a 1146 m-thick section assigned to the Cintura
Formation located near the town of Cabullona in northeastern Sonora
(Grijalva-Noriega, 1996) grades from a lower quartzose petrofacies into
an upper volcanic petrofacies, indicating a shift in provenance from
recycled orogen to transitional arc.

Provenance analyses from detrital zircon geochronology are
also published for sections of the Morita Formation in northeastern

Arizpe Lampazos

0

N =Nogal Formation
ED = Espinazo del

Diablo Formation
L = Lampazos Formation
AS = Agua Salada Formation
EA = El Aliso Formation
~~— Unconformity

Figure 2. Regional correlation of the formations of the Bisbee Group in selected localities of the northern part of Sonora, and with the formations of the Lampazos

Group of the southeastern part of the state.

256 RMCG | v. 40 | nim. 3 | www.rmcg.unam.mx |

DOI: http://dx.doi.org/10.22201/cge0.20072902e.2023.3.1759



Lower Cretaceous (Aptian-Albian) Bisbee Group

(Gonzélez-Leon et al., 2020), and north-central Sonora (Peryam et al.,
2012), but there are no data published for the Cintura Formation. A
Precambrian zircon grain population is well represented in the reported
sections of the Morita Formation and has age peaks that indicate
provenance from the Proterozoic basement provinces of southwestern
Laurentia. Paleozoic grains are subordinate, and less abundant grains
are of Permian-Triassic, Jurassic, and Early Cretaceous ages (Gonzalez-
Leodn et al., 2020; Peryam et al., 2012).

In this work, we report new data on the stratigraphy, biostrati-
graphy, U-Pb detrital zircon geochronology and coupled Hf isotope
analyses of the dated zircon grains of a section of the Bisbee Group that
crops out in the Arizpe area, in the central part of the Cucurpe-Altar
seaway of north-central Sonora (Figure 1). This locality is essential to
studies of the Bisbee basin because it complements previous geologic
data and provides new stratigraphic, geochronologic, and biostrati-
graphic data that constrain the timing of the sedimentary fill. U-Pb
geochronology and Hf isotope data from the analyzed detrital zircon
grains are used here for the first time to test and confirm previous
inferences of detrital provenance and possible source areas.

REGIONAL SETTING AND PREVIOUS WORKS

The older rocks that crop out in the Arizpe area and surroundings
consist of strata of the Bisbee Group that are regionally thrust over
the Upper Cretaceous Cocospera Formation, the latter interpreted as
a syntectonic conglomerate related to the Late Cretaceous Laramide
shortening in northern Sonora (Gonzalez Le6n, 1978; Gonzalez Leén
et al., 2000; Gonzdlez-Ledn et al., 2011). These units are unconforma-
bly overlain by an Upper Cretaceous to Paleocene volcanic succession
of the Tarahumara Formation that is intruded by contemporaneous
granitic plutons, both of which form the Laramide magmatic arc in
Sonora. A succession of volcanic and sedimentary rocks of Oligocene
and Miocene age that unconformably overlies the older rocks also
forms the fill of the extensional basins formed during the Basin and
Range tectonic event (Gonzalez-Gallegos ef al., 2003; Gonzélez-Leén
etal.,2011).

The stratigraphy of the Bisbee Group in the Arizpe area was
reported by Gonzalez Leon (1978), while Lawton et al. (2004) reported
the detailed stratigraphy of the 900 m-thick Mural Limestone that crops
out at Cerro La Ceja (Figure 3).

METHODS

Cartography at the scale of 1:50,000 and stratigraphy of the
Bisbee Group were refined from Gonzélez Le6n (1978), and a new
stratigraphic column of the Mural Limestone was measured with a
Jacobs staff. Limestone samples from the Mural section were thin-
sectioned for petrographic classification and microfossil identifications.
The biostratigraphy herein reported is based on microfossils described
from 28 thin sections and from 7 macrofossil specimens. These studied
thin sections, and fossils are housed in the Coleccién Paleontoldgica
of the Estacion Regional del Noroeste, Instituto de Geologia, UNAM
(ERNO), and bear ERNO-numbers.

Five medium- to coarse-grained sandstone samples, each about 5
kg, were collected for U-Pb geochronology of detrital zircon with the
aim to obtain maximum depositional ages of the intervals collected,
and to recognize the ages of the detrital populations. These samples
were crushed and pulverized in the Laboratorio de Preparacién de
Muestras, ERNO, and zircon grain separation, mounting and dating
were performed at the Laboratorio de Estudios Isotdpicos (LEI) of

the Centro de Geociencias, UNAM. U-Pb analyses were conducted
by laser ablation inductively-coupled plasma mass spectrometry
(LA-ICPMS) using a Resonetics M050 (now, Applied Spectra) 193 nm
Excimer laser workstation, coupled to a Thermo ICap Qc quadrupole
mass spectrometer, according to the methods reported by Solari et al.
(2018). A 23 um spot was employed during this whole study for all
the U-Pb analyses, alternating unknown zircon crystals with several
standards. Standard reference material 91500 was employed as exter-
nal reference zircon (ca. 1062 Ma, Wiedenbeck et al., 1995), whereas
Plesovice standard zircon acted as a secondary (control) standard (ca.
337 Ma, Slama et al., 2008). Raw data were reduced offline using Iolite
3.5 software (Paton et al., 2011), including all the error calculations and
propagation, and employing the VizualAge data reduction scheme of
Petrus and Kamber (2012). The secondary Plesovice standard zircon
yielded a mean 2*°Pb/***U age of 338.9 + 1.4 Ma, in agreement with the
accepted age. U-Pb data tables with corrected isotope ratios, ages, and
errors are reported in Supplementary Table S1.

Hf isotope geochemistry on detrital zircon has been used by
several authors (e.g., Gehrels and Pecha, 2014; Surpless and Gulliver,
2018; Pecha et al., 2022) as an additional tool to further support detrital
zircon provenance interpretations, provided Hf isotope signatures
of the potential source regions are available. With that purpose, we
measured the Hf isotope signature on Jurassic and Cretaceous detrital
zircon grains dated in each of the five sandstone samples. Hf isotopes
were measured by laser ablation multi-collector inductively-coupled
plasma mass spectrometry (LA-MC-ICP-MS) on some of the zircon
grains previously dated by U-Pb and results are shown in Table S2.
Hf analyses were conducted using a spot of 44 um in diameter, right
on top of the 23 pum spot used for the U-Pb analyses, following the
methodology employed by Ortega-Obregon et al. (2014). The Neptune
Plus Jet interface was used to improve sensitivity in laser mode,
achieving a tuning optimized to maximize the Hf signal, minimize
oxide formation, and avoid the formation of rare-earth element (REE)
oxides (cf. Payne et al., 2013), as well as control the mass bias. Once
properly tuned, the high sensitivity of the Neptune Plus allowed an
average total Hf signal of more than 10 V, a value that is like, and, in
many cases, exceeds those of other works with a similar setup (e.g.,
Gerdes and Zeh, 2009; Fisher et al., 2011). The tuning was performed in
NIST 610 standard glass, employing the same analytical conditions used
during analyses. An amount of 9-10 mL/min of N, was added to the
He carrier gas before the plasma, to increase plasma temperature and
decrease oxide formation. The Yb mass bias was calculated using the
measured 7?Yb and *Yb masses and the Chu et al. (2002) Yb isotope
abundances, together with the '?Yb/'”*Yb “true” ratio of 1.35274. The
Yb mass bias was also applied on Lu, if Yb and Lu fractionate similarly.
The 7*Lu/"*Lu ratio of 0.02656 was also used (Blichert-Toft and
Albarede, 1997). To demonstrate the feasibility of this correction, we
repeatedly analyzed several natural standard zircon grains, as well as
the synthetic zircon grains of Fisher et al. (2011) doped with different
amounts of REEs. These synthetic zircon grains, which contain a range
of REEs much higher than terrestrial zircon crystals, were also used to
include the external reproducibility and propagate it onto the internal 2
standard error (2SE, i.e., twice the standard error of the mean; defined
asin Paton et al., 2011; Fisher et al., 2014) measured in unknown zircon
grains (e.g., Fisher et al., 2014). The raw data measured were processed
off-line with a data reduction scheme written in Iolite, which corrects
the detected interferences, normalizes against the reference zircon
(synthetic zircon grains of Fisher et al., 2011), and propagates the
external reproducibility. The ""Hf/”’Hf normalizing value of 0.7325
(Patchett and Tatsumoto, 1981) was used. The "7“Lu decay constant
of 1.876 x 10" (Scherer et al., 2001) and the chondritic Hf values of
Bouvier et al. (2008) were used to calculate eHf and depleted mantle
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Figure 3. Geologic map of the Arizpe area showing outcrops of the Bisbee Group formations and younger units that include the Cocospera Formation, Tarahumara
Formation, and a Tertiary granodioritic pluton. Locations, labels and maximum depositional ages of the dated sandstone samples are indicated. Transect of the
measured stratigraphic column of the Mural Limestone (thick dash-dot line) reported in this work, and the structural profile along line A-B are shown. The Cordén
de Enmedio thrust fault separates outcrops of the Bisbee Group into Cerro La Ceja (CCB) and Sierra Los Azulitos (SAB) blocks. The base map is taken from the
1:50000 topographic chart Arizpe H12B73 of INEGI (2001; https://www.inegi.org.mx/contenidos/productos/prod_serv/contenidos/espanol/bvinegi/productos/

geografia/imagen_cartografica/1_50_000/702825649203.pdf).

(DM) model ages (TDM). The ¢Hf and TDM, calculated employing
the chondritic and depleted mantle values, respectively, were generally
considered as reflecting minimum ages for the zircon’s host magma
source. A second model age (TDM) was then calculated using a value
for the average intermediate crust of 7*Lu/'”’Hf =0.015 (Griffin et al.,
2002) to ideally project the initial eHf of zircon grains to the depleted
mantle model curve and infer possible zircon sources.

RESULTS

Strata of the Bisbee Group in the study quadrangle trend NW-SE
and have dips as high as 60°. These rocks are tectonically shortened
toward the NE and are herein organized into the eastern Cerro La Ceja
block (CCB) and the western Sierra Los Azulitos block (SAB) according
to the names of the main physiographic features. These blocks are
separated by the east-verging Cordon de Enmedio thrust fault (Figure
3). The CCB is composed of the Morita, Mural, Cintura, and La Juana

formations. Because of faults in its eastern and western parts, this
block exposes only partial thicknesses of the Morita and La Juana
formations, while the Mural and Cintura have complete thicknesses.
The SAB is composed of deformed strata of the Mural Limestone that
are thrusted eastward over the La Juana and Cintura formations (Figure
3). Oligocene to Miocene normal faults that uplifted the Bisbee Group
rocks do not expose the complete stratigraphic column of this region
(Gonzélez-Ledn et al., 2000).

Stratigraphy of the Bisbee Group

The Bisbee Group in the study quadrangle consists of, from the
base upwards, the Morita, Mural Limestone, Cintura, and La Juana
formations (Figures 3 and 4). Only the uppermost 280 m of the Morita
Formation are exposed (Figure 4a) and consist of red to purple shale
and siltstone with enclosed beds of coarse- to fine-grained sandstone
that have local lenses of pebble conglomerate (Gonzalez Ledn, 1978).
These lithologies are arranged in coarsening-upward cyclic sequences
of interpreted fluvial origin.
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in the Sierra Los Azulitos block.

In the Cerro La Ceja block the Mural is 900 m thick (Lawton et
al., 2004) (Figure 4a) and sharply overlies the Morita Formation on a
ravinement surface. Its basal Cerro La Ceja Member is composed of
interbedded shale, siltstone, and bioclastic limestone beds that are rich
in oysters, and other bivalve shells and fragments; sandstone beds are
subordinate. The overlying Tuape Shale is mostly composed of light gray
shale with subordinate limestone that grades upwards to interbedded

shale and subordinate oyster limestone beds of the Los Coyotes Mem-
ber. The Cerro La Puerta Shale consists of limestone beds with benthic
foraminifera and interbedded shale, and the Cerro La Espina Member is
composed of massive bioclastic limestone with coral and rudist mounds.
The uppermost Mesa Quemada Member consists of interbedded massi-
ve green mudstone, light gray to red siltstone, thin beds of fine-grained
sandstone, and bioclastic and oyster-rich shaly limestone beds.
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In this work, we describe a previously unreported section of the
Mural Limestone that crops out in the Sierra Los Azulitos block (Figure
4b). Although this section is thrust over the Cintura Formation, we
measured a continuous thickness of 435 m at the locality of Cordén
de Enmedio (Figures 3, 4). Based on its lithostratigraphy and fossil
content, this section comprises the upper part of the Tuape Shale, the
Los Coyotes, Cerro La Puerta, and the lower part of the Cerro La Espina
members. The incomplete Tuape Shale is 60 m thick and consists of
light gray to light brown bioclastic limestone beds that are interbedded
with massive, yellowish brown to green shale beds up to 15 m thick and
a few medium-bedded sandstone beds. The limestone beds are up to 2
m thick and are composed of bivalve shell fragments, including oysters
and Neithea sp., and serpulid tubes. Articulated, complete oysters are
locally present in the bioclastic limestone and in the shale.

The overlying Los Coyotes Member is 67 m thick and consists of
yellowish brown to green, massive shale with interbeds of medium-
bedded, fine- to medium-grained sandstone, shaly limestone beds up
to 40 cm thick with broken and articulated oysters, and grainstone to
calcarenite beds mostly composed of shell bioclasts. The uppermost
18 m of this member is composed of light gray to bluish biomicritic
limestone in beds up to 50 cm thick that are interbedded with partly
covered beds of calcareous shale. The limestone beds are mudstone to
wackestone with fragments of bivalves, echinoderms, and abundant
foraminifera, including the large foraminifera Mesorbitolina.

The overlying Cerro La Puerta Member is 285 m thick and is
mostly composed of massive to laminated, light to dark gray calcareous
shale with subordinate interbeds of calcareous siltstone, bioclastic
and commonly bioturbated shaly limestone and dark gray biomicritic
limestone with bivalve and echinoderms fragments. About 180 to 190
m above the base of this member is an interval of medium-bedded
shaly wackestone to packstone with bivalve fragments and complete
shells of echinoderms. The uppermost 23 m of the measured section is
correlated with the Cerro La Espina Member and consists of biomicritic
limestone with subordinate calcareous shale that has abundant and
complete, moderately preserved echinoderm shells.

In the Cerro La Ceja block, the Cintura Formation gradationally
overlies the Mural Limestone and is 372 m thick. It is composed of
reddish to purple, massive to locally laminated shale and siltstone with
pedogenic calcareous nodules and lenticular sandstone bodies up to
4.5 m thick, rare pebble- to cobble-conglomerate beds up to 1.3 m
thick, and ash-fall tuff beds up to 2 m thick. Sandstones of the Cintura
Formation in the study area are compositional lithic arkose with up to
30 % quartz, and 9-45 % lithic grains dominated by felsitic volcanics.

The La Juana Formation has an estimated thickness of 100 m, and
its lower part is composed of marine bioclastic limestone beds with
shell fragments that sharply overlie fluvial red siltstone and sandstone
of the Cintura Formation, suggesting a disconformable contact between
these units. The bioclastic limestone is interbedded with light gray
shale that grades upwards to yellowish and moderately dark gray,
massive calcareous shale with thin interbeds of bioclastic limestone that
dominates the upper middle part of this unit. Complete to partial shells
of oysters, small bivalves, and echinoderms occur in shale intervals.

Biostratigraphy

The Mural Limestone and La Juana Formation are the only
marine, fossiliferous units of the Bisbee Group in the Arizpe area.
Previously, rudists and oyster bivalves, corals, echinoderms, and
benthic foraminifera were reported from limestone beds of the Mural
Limestone in the Cerro La Ceja and Sierra Los Azulitos localities of
this area (Figure 3) (Gonzalez Ledn, 1978; Loser, 2011). From the Cerro
La Puerta and Cerro La Espina members in the Cerro La Ceja block,
an upper Aptian - lower Albian foraminiferal assemblage comprises
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Paracoskinolina sunnilandensis (Maync, 1955), Praechrysalidina sp.,
Nautiloculina bronnimanni Arnaud-Vanneau and Peybernés (1978),
Cuneolina sp. cf. C. parva Henson (1948), Voloshinoides sp. aff. V.
murgensis Luperto Sinni and Masse (1993), Mesorbitolina cf. texana
(Roemer, 1849), and Charentia sp. cf. C. cuvillieri Neumann (1965)
(Lawton et al., 2004).

The Mural Limestone at Cordon de Enmedio and in Sierra Los
Azulitos yield upper Aptian —lower Albian bivalves, echinoderms, and
foraminifera (Figures 5 and 6). The bivalves Crassostrea riograndensis
(Stanton, 1947) (ERNO-8935), and Quadratotrigonia taffi (Cragin,
1893) (ERNO-8934) were collected from the lowermost limestone-
shale of the Tuape Shale Member. The echinoderm Pliotoxaster
comanchei (Clark in Clark and Twitchell, 1915) (ERNO 8936 - 8940)
was identified in the biomicritic limestone beds in the upper part of the
Cerro La Puerta Member and in the overlying Cerro La Espina Member.

Upper Aptian - lower Albian benthic foraminifera from
limestone beds in the Los Coyotes Member include Nezzazata
isabellae Arnaud-Vanneau and Sliter (1995) (ERNO-8907, -8921)
(Figure 6, 2-3), Praechrysalidina sp. (ERNO-8923) (Figure 6, 6-7),
Voloshinoides sonoraensis Schlagintweit and Scott, 2015 (ERNO-
8908) (Figure 6, 8-10), Cuneolina parva Henson (ERNO-8907, -8910)
(Figure 6, 11-12), Novelesia producta? (Magniez, 1972) (ERNO-
8910), Pseudonummoloculina heimi (Bonet, 1956) (ERNO-8910),
Paracoskinolina sunnilandensis (ERNO-8924) (Figure 6, 14-16,
Mesorbitolina cf. texana (ERNO-8912, -8921, -8922; -8923, -8925), and
Bacinella irregularis Radoici¢ (1959) (ERNO-8912, -8913). Nezzazata
isabellae (ERNO-8914) was also identified from a bioclastic shaly
limestone bed at 190 m from the base of the section.

Shaly wackestone to packstone beds in the 310 to 319 m interval
of the Cerro La Puerta Shale yielded “Hedbergella” planispira Tappan
(1940), 2 Arenobulimina, and Microhedbergella pseudodelrioensis Huber
and Leckie (2011) (ERNO-8916, -8928) (Figure 6, 13). The Cerro La
Espina Member limestone beds contained Colomiella tunisiana Colom
and Sigal (in Bolze et al., 1959) (Figure 6, 1), ?Arenobulimina, Nezzazata
sp. (ERNO-8917), and Hedbergella sp. (ERNO-8929, -8930).

In the Sierra Los Azulitos block thick limestone beds of the Cerro
La Espina Member contained Paracoskinolina sunnilandensis (ERNO-
8918, -8919, - 8920, -8931, -8932, -8933), Pseudonummoloculina
heimi (ERNO-8918, -8919, -8931, -8933), Praechrysalidina sp. and
Nezzazata isabellae (ERNO-8918), B. irregularis (ERNO-8919, -8920,
-8933), C. parva (ERNO-8919, -8931, -8932), Mesorbitolina cf. texana
(ERNO-8931), the alga Solenopora sp. (ERNO-8931), and fragmented
rudist toucasids (ERNO-8931) and the rudist bivalve Coalcomana sp.
(ERNO-8933) (Figure 6, 17).

From green to yellowish shale and bioclastic limestone beds of La
Juana Formation we collected complete echinoids of Hemiaster whitei
Clark, and the bivalves Ludbrookia arivechensis (Heilprin, 1891) and
Ceratostreon walkeri (White, 1880) that together indicate an upper
Albian age. For taxonomic and systematic descriptions of the fossils
see the Appendix A.

Detrital zircon geochronology

Five sandstone samples from the Bisbee Group were collected in
the study area to analyze for detrital zircon geochronology (Figure 3).
One sample was analyzed from the Morita Formation, two samples were
analyzed from the Mural Limestone, and two other samples were from
the Cintura Formation. To visualize detrital age distributions, Kernel
density estimator plots of the U-Pb detrital-zircon geochronologic
analyses at two-sigma level were constructed using DensityPlotter
8.4 (Vermeesch, 2012), and weighted-mean diagrams of the youngest
zircon grains to estimate the maximum depositional age (MDA) were
constructed with IsoplotR (Vermeesch, 2018) (Figure 7).
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Figure 5. Stratigraphic range chart of important fossil occurrence in the Mural Limestone section reported in this work. CLE: Cerro La Espina.

A medium-grained sandstone bed from the uppermost part of
the Morita Formation on the east flank of Cerro La Ceja (Figure 3) is
partofa 15 m-thick interval of purple, bioturbated shale that underlies
bioclastic limestone beds at the base of the Mural Limestone (sample
21-02-20-1b; coordinate location 30.4761531, -110.2636482; WGS84).
The 87 zircon grains from the sample yielded mainly Early Cretaceous
(n=38) and Jurassic (n = 38) ages, and subordinate grains were Triassic
(n=3), Permian (n=1), and Proterozoic (n=7). The Early Cretaceous
grains have a main peak age of 120 Ma (Figure 7a), and the Jurassic
grains have a main peak of 151 Ma with a minor peak of 168 Ma.
The seven youngest zircon grains that overlap in age yield a weighted
mean age of 115.8+ 1.1 Ma (MSWD =0.74), which is interpreted as the
MDA for the uppermost part of the Morita Formation at this locality
(Figures 4 and 7b).

At Cordon de Enmedio, in the eastern part of the Sierra Los
Azulitos thrust block (Figures 3 and 4), a sample of medium- to fine-
grained sandstone from the lower part of the Tuape Shale Member
is interbedded with shale, calcareous shale, and oyster-bioclastic
limestone (sample 19-02-20-1a; 30.4589, -110.3020598). The sample
yielded 101 concordant zircon grain ages that contain an important
Early Cretaceous age group (n=44) ranging from ca. 111 to 143 Ma.
The Jurassic zircon grains compose 35% of the total dated grains,
while Triassic (n=2) and Paleozoic (n=2) grains are subordinate. A
small Proterozoic population has dispersed ages ranging from 586 to
2500 Ma, and one Neoarchean grain of 2.65 Ga. In the KDE relative
probability plot, the Early Cretaceous grains have a mode of 116 Ma,
and the Jurassic population has age peaks at 150 and 168 Ma (Figure
7¢c). The weighted-mean age of the 13 youngest zircon grains from this
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sample that overlap in age is 113.9+0.8 Ma (MSWD =0.89) (Figures
4 and 7d).

In the Mesa Quemada Member about ~100 m below the
contact with the Cintura Formation, a medium-grained sandstone is
interbedded with limestone and shale (sample 17-Feb-20-2; 30.475041,
-110.2939629). This sample yielded 86 concordant zircon grain ages,
most of which are Proterozoic in age (n=35; 40 % of the total grains).
The Jurassic grains (n=29) make up 34 % of the total grains, and the
Early Cretaceous grains (n=10) make up 12 %, while Triassic and
Permian grains account for the remaining 14 %. The Proterozoic grains
show an age peak at 1.66 Ga and subordinate peaks at 1.76, 1.46 and
1.34 Ga; the Jurassic grains have a peak at 154 Ma, the Triassic-Permian
group has a peak at 245 Ma, while those of Cretaceous age have a minor
peak at 112 Ma (Figure 7e). The weighted mean age of the youngest
cluster of three grains that overlap at 26 error from this sample yield
an MDA of 111.6 £1.6 Ma (MSWD =1.3) (Figures 4, 7f).

In the basal 3 m of the Cintura Formation overlying the Mesa
Quemada Member is a 1- meter-thick, fine- to medium-grained
sandstone (sample 11-9-21-1; 30.466236, -110.291670), which is
interbedded with purple, massive shale. Ninety-four dated zircon grains
from this sample yielded important age groups of Early Cretaceous
(n=32) and Proterozoic (n=33) ages. Other subordinate populations
are Jurassic (n=18), Triassic (n=3), Paleozoic (n=5), and Neoarchean
(n=3) zircon grains. The Early Cretaceous population has an important
age peak at 111 Ma, the Jurassic population has an age peak of 165 Ma,
and the Proterozoic grains have minor age peaks at 1.74, 1.65, 1.34, and
1.05 Ga (Figure 7g). The youngest ten grains dated from this sample
yield a weighted mean age 0of 108.8 £ 1.1 Ma (MSWD =1) (Figures 4, 7h),
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Figure 6. Thin section microphotographs of a colomiellid, important foraminifera and a rudist in the Mural Limestone section of Cordén de Enmedio in the Arizpe
area, north-central Sonora. 1, Colomiella tunesiana Colom and Sigal; sample 19-20-9B, bar scale 90 microns. 2, 3, Nezzazata isabellae Arnaud-Vanneau and Sliter;
2, sample 18-20-3; 3, sample 18-20-2-2. Bar scale is 200 microns except where noted. 4-7, Praechrysalidina sp.; 4, sample 20-20-3; 5, sample 18-20-2A; 6, sample
18-20-3D; sample 7, 20-20-3. 8-10, Voloshinoides sonoraensis Schlagentweit and Scott; 8, sample 8 18-20-2; 9, sample 9 18-20-3D; 10, sample 10 18-20-3D with
bar scale 125 microns. 11, 12, Cuneolina parva Henson; 11, sample 20-20-3; 12, sample 18-20-2. 13, Microhedbergella pseudodelrioensis Huber and Leckie; sample
2-19-20-8; bar scale 125 microns. 14-16, Paracoskinolina sunnilandensis (Maync); sample 2-20-20-3; 14, tangential longitudinal section showing marginal zone;
15, tangential longitudinal section showing central zone; bar scale is 1000 microns; 16, basal section; bar scale 200 microns. 17, Coalcomana sp. bioclast with pallial

canals, sample 2-20-20-5A, bar scale 1000 microns.

which is considered the MDA for the lowermost part of the Cintura
Formation in the Arizpe area.

At Cordén de Enmedio in the upper part of the Cintura Formation,
8 m below the tectonic contact with the Mural Limestone, is a 1-m-thick
medium- to coarse-grained sandstone bed (sample 11-9-21-2;
30.459352, -110.301897). From this sample 87 zircon grains contain
important age groups of Early Cretaceous (n=35), Jurassic (n=28) and
Proterozoic (n=17) ages, and subordinate Triassic (n=1), Paleozoic
(n=2) and Archean (n=4) ages. In a KDE plot the Proterozoic ages
show a minor peak of 1.16 Ga, the Jurassic grains indicate subordinate
age peaks at 152 and 168 Ma, while the Early Cretaceous grains show
a major peak at ca. 120 Ma (Figure 7i). The nine youngest zircon

grains of this sample indicate a weighted mean age of 115.4+£1.2 Ma
(MSWD =0.31) (Figure 7j), which is much older than the expected age
for the upper Cintura Formation.

Lu-Hf isotopic data

Lu-Hfisotopic data (Supplementary Table S2) were obtained from
15 to 20 detrital zircon grains of Jurassic and Early Cretaceous ages
that were measured from each of the five dated sandstone samples. The
ablated spots for Hf were the same used for the U-Pb geochronology
analyses.

A total of 80 detrital grains from the five samples was measured
and is here discussed as a single dataset. U-Pb ages of the analyzed
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zircon grains range from 195.3 to 106.8 Ma, and their initial eHf(t)
values range from 9.53 to -21.28. Twelve of the Early Cretaceous zircon
with ages from 109.9 to 138.7 Ma have positive eHf(t) from +0.33 to
+8.73, indicative of a moderately primitive source, while the other
Early Cretaceous grains are more evolved, with eHf{(t) values up to
-14.42. The analyzed Jurassic zircon grains show a similar trend, with
a mixing between primitive (¢eHf(t) up to +9.53) and negative, more
evolved components (eHf(t) between -0.16 and -21.28) (Figure 8). Asa
consequence, Tpy model ages for primitive grains range between 0.4 to
0.8 Ga, whereas the more evolved zircons indicate a contribution of an
older crustal component with an age between 0.8 to 1.3 Ga (Figure 8).

DISCUSSION

Chronostratigraphy of the Bisbee Group of the study area

The Bisbee Group succession in the Arizpe area records a part of
the Lower Cretaceous sedimentary fill of the central part of the Altar-
Cucurpe subbasin of northern Sonora. Its stratigraphy, biostratigraphy,
and geochronology data add to the regional knowledge of the
evolutionary history of the Bisbee basin (Scott et al., in press). The
section in Cerro la Ceja block exposes the upper Morita Formation,
Mural Limestone, Cintura Formation, and part of the La Juana
Formation. Detrital zircons yield U-Pb maximum depositional ages
that approximate depositional ages for the succession. These data are
consistent with the biostratigraphic ages for the Mural and La Juana
formations.

The MDA of 115.8 + 1.1 Ma obtained from the upper part of the
Morita (Figure 7b) is in close agreement with the 115+ 1 Ma obtained
by Peryam et al. (2012) from a reworked ash-fall tuff at the top of this
formation in the Tuape-Cucurpe area, located ~50 km southwest of the
study area (Figure 1). These data suggest that a regional depositional
age of ca. 115 Ma is consistent for the boundary between the Morita
Formation and Mural Limestone throughout north-central Sonora.
Similarly, the age of 113.9+0.8 Ma (Figure 7d) obtained from the
lower part of the Mural Limestone in the Cordén de Enmedio section
is a little younger than the Morita/Mural age boundary, and also in
agreement with its stratigraphic position (Figures 3 and 4). Although
the age of 111.6 + 1.6 Ma (Figure 7f) that was obtained for the sample
of the upper Mural Limestone was yielded by few young grains, it is
in good agreement with its stratigraphic position located below the
base of the Cintura Formation that yielded a younger, more reliable
age of 108.8+ 1.1 Ma.

The ages obtained from the top of the Morita Formation and base
of the Cintura Formation constrain the age of the Mural Limestone
between ca. 116 to 109 Ma, which corresponds well with the regional
late Aptian/early Albian biostratigraphic age accepted for this unit in
northern Sonora and southeastern Arizona (Scott and Warzeski, 1993;
Scott, 2007). The sample collected from the upper Cintura Formation
did not yield a near-syndepositional MDA, but its age is interpreted as
early Albian considering that it underlies the La Juana Formation that
contains late Albian fossils in the study area. Because of its late Albian
age, La Juana Formation correlates with the Nogal Formation of the
Lampazos Group succession that crops out ~150 km to the southeast
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Figure 8. eHf(t) vs. time plot of Jurassic and Early Cretaceous detrital zircon the Morita, Mural Limestone and Cintura formations samples of the Bisbee Group in
the Arizpe area, northern Sonora, Mexico. The reference parameters are: Depleted mantle (DM), calculated using ("°Hf/'””Hf),=0.28325 and ('"°Lu/"""Hf),=0.0384
(Blichert-Toft and Albarede, 1997); chondritic uniform reservoir (CHUR), calculated using ("7°Hf/'”7Hf), = 0.282785 and ('7*Lu/'"""Hf),=0.0336 (Bouvier et al.,
2008). The crustal evolution path is according to (‘°Lu/'”’Hf).=0.015 (Griffin et al., 2002).
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in east-central Sonora (Figure 1) (Gonzalez-Le6n, 1988; Scott and
Gonzéalez-Ledn, 1991).

The incomplete Mural section of the Cordén de Enmedio locality
has a fossiliferous assemblage that indicates the presence of the Aptian-
Albian boundary in its lower part, consistent with the U-Pb age of ca.
114 Ma (Figure 5d) yielded by sample 19-02-20-1a from the lower part
of the Tuape Shale Member.

Biostratigraphy

The age of the Mural Limestone stratigraphic section near Arizpe,
Sonora, spans the uppermost Aptian to the lower Albian (Scott et al., in
press). The physical stratigraphy and biostratigraphy can be compared
with nearby stratigraphic sections at Santa Ana, Santa Marta, and Tuape
in northern Sonora (Lawton et al., 2004; Gonzélez-Ledn et al., 2008).
The age-diagnostic microfossils are Colomiella tunesiana, Voloshinoides
sonoraensis, Paracoskinolina sunnilandensis, and Microhedbergella
pseudodelrioensis. Two bivalve species in the lower limestone-shale
of the section also support this age range: the upper Aptian-lower
Albian, Crassostrea riograndensis, and Quadratotrigonia taffi (Scott,
2007). A third species, the lower Albian Hemiaster comanchei, is in the
uppermost limestone unit. Caprinid wall fragments with diagnostic
pallial canals represent the lower Albian Coalcomana Coogan (1973).

The pelagic Protozoan tintinnid C. tunesiana is widespread in
northern Sonora (Gonzalez-Ledn et al., 2008) and in the Texas Gulf
Coast (Scott, 1990). Its numerical age range is 114.20-108.69 Ma (Scott,
2014). The small benthic foraminifer, V. sonoraensis, was discovered
and named from the lower Albian Cerro La Espina Member of the
Mural Formation in the nearby Cerro la Ceja block (Schlagintweit
and Scott, 2015). The large benthic foraminifer P. sunnilandensis is
widespread in Barremian to lower Albian sections in the Gulf of Mexico
and Sonora and its age range is 125.08-109.36 Ma (Scott, 2014). The
planktic foraminifer Microhedbergella pseudodelrioensis ranges from
lower to upper Albian in the North and South Atlantic (Huber and
Leckie, 2011). Other benthic foraminifers are long-ranging but span
the upper Aptian to lower Albian or younger.

Paleobiogeography

The low diversity of Aptian-Albian planktonic foraminifers in the
Mural Limestone in northern Sonoran is remarkable. These sections
are located at the northwestern end of the Chihuahua Trough. In
comparison, sections farther southeast in the state of Nuevo Leén
in northeastern Mexico document eleven zonal species of open
marine planktic foraminifers (Longoria, 1984) and up to 55 species
of calcareous nannofossils (Bralower et al., 1999). Furthermore, in
the Sonoran sections, benthic foraminifers and corals, rudists, and
calcareous algae are more diverse than in the Chihuahua Trough
and northeastern Mexico. The different biota and paleocommunities
represent the shallower, more paralic depositional environments at the
northwestern part of the Gulf of Mexico basin. Further, the presence
of benthic species with Pacific affinities, such as Nezzazata isabellae,
suggests a partial connection with Pacific waters.

Detrital zircon provenance

Detrital zircon grains (N =456) in the five dated sandstone samples
are dominated by Early Cretaceous (35 %) and Jurassic (32.5 %) ages
composing more than two-thirds of the total grains. Proterozoic grains
are 24 % of the total grains, Permo-Triassic grains compose 4.8 %, Pa-
leozoic grains are 3.5 %, and there are only eight grains of Archean age.

The proportion of Early Cretaceous grains varies little from the
upper Morita (42.6 %) to the lower Cintura (34 %) and upper Cintura
(40.2 %) formations, but are overrepresented in the lower Mural
(78.2%) and underrepresented in the upper Mural Limestone (11.6 %).

Similarly, the Jurassic grains vary from 44.8 % in the upper Morita to
33.7 % in the upper Mural, they compose 19.1 % in the lower Cintura
and 32 % in the upper Cintura, and are almost absent (2 %) in the lower
Mural. The Permo-Triassic grains decrease upwards in the section,
from4.6,0,13.9, 3.2, and 1.2 % from the Morita to the Cintura samples.
Proterozoic grains compose 8 % of the Morita, 15.8-40.7 % of the lower
and upper Mural, and 36-19.5 % of the lower and upper Cintura. The
over- and/or under-representation of these populations in the Mural
Limestone of the Arizpe area might be explained by an inefficient, or
restricted sediment dispersal in a shallow shelf that was located in the
middle part of the Altar-Cucurpe subbasin, probably several hundred
kilometers from the marginal settings bordering the basin.

The Proterozoic grains have subordinate age peaks of ca. 1.7,
1.6, 1.4, 1.3 and 1.1 Ga (Figure 9a). These populations are commonly
considered to have direct or recycled provenance from the Mojave,
Yavapai and Mazatzal crystalline basement rocks of southwestern
North America and from Mesoproterozoic granites that intrude
these provinces (Gehrels and Stewart, 1998; Stewart et al., 2001). The
Paleozoic grains are subordinate in number and have scattered ages;
these occur as recycled grains in other detrital successions of Sonora
(e.g., Gonzalez-Leén et al., 2020) and are considered of primary
Appalachian sources (e.g., Gehrels et al., 2011). The Permo-Triassic
grains are also subordinate in number forming a peak of 270 Ma and
have possible source in the early Cordilleran continental magmatic
arc rocks, whose nearby outcrops are present in northwestern Sonora
(Arvizu and Iriondo, 2015).

The Cretaceous and Jurassic ages that compose 67.5% of the
total dated grains, constitute three dominant age groups (Figure 9b).
The Jurassic grains have age peaks of ca. 150 and 166 Ma that are
consistent in each of the analyzed samples (Figure 7¢). The Cretaceous
population is represented by grains with ages from ca. 130 to 107 Ma
and a dominant age peak of ca. 118 Ma (Figure 9b). This is represented
in the analyzed samples by peaks of 111, 116 and 120 Ma, except in
the upper Mural, that has a small peak of 112 Ma (Figure 7). The
Cretaceous population is nearly coincident with the age group between
ca. 128 to 112 Ma, and modes near 122 and 116 Ma that Peryam et al.
(2012) recognized in the upper part of the Morita Formation of the
Tuape region. Furthermore, an important gap of Early Cretaceous
age is evident between the Jurassic and Cretaceous age groups of our
samples, as indicated by a subordinate number of detrital zircon grains
with ages from ~145 to 130 Ma (Figure 9b).

The Jurassic age group with a peak of ca. 166 Ma is composed
of grains with ages from 185 to 158 Ma and most probably indicates
provenance from the Jurassic continental magmatic arc of southwestern
North America (Busby-Spera, 1988; Lawton et al., 2020). Scattered
rock outcrops of this arc occur from southern Nevada to southeastern
California, southern Arizona and northern Sonora (Haxel et al., 2008a),
and this peak is within the age range of ca. 190 to 158 Ma assigned to
the arc in northern Sonora (Gonzélez-Leo6n et al., 2021).

The age group with a peak of ca.150 Ma in the studied samples
is composed of zircon grains that have ages from 156 to 145 Ma. A
similar age peak is also present in detrital samples of the upper part
of the Morita Formation in Tuape (Peryam et al., 2012). Regional
magmatism that might be a source for this age group is indicated by
silicic ash-fall tuffs with ages near 150 Ma that are interbedded with
marine shales of the Late Jurassic Cucurpe Formation in the Tuape
area (Mauel et al., 2011). Also, scarce plutonic and volcanic rocks in
southern Arizona and northern Sonora have been dated from ca. 153 to
141 Ma (Anderson et al., 2005; Haxel et al., 2005; Haxel et al., 2008b).

Age of the Early Cretaceous population is contemporaneous with
time of development of the magmatic arcs that formed the Peninsular
Ranges batholith of southern California and Baja California (e.g.,
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Figure 9. a) Kernel density estimator plot with age distributions for the total number of analyzed zircon from the Morita, Mural, and Cintura formations sandstone
of the Bisbee Group in the Arizpe area. b) The KDE plot for the Cretaceous and Jurassic age groups shows the main age distributions. Inset in b): a histogram and
relative probability density plot of detrital zircon ages (N =190) reported by Alsleben et al. (2012) from the Cretaceous intra-arc and deformed successions in Baja

California showing the main age distributions.

Ortega-Rivera, 2003; Shaw et al., 2003; Premo et al., 2014; Contreras-
Lopez et al., 2021; Schwartz et al., 2021), that by that time bordered
the Altar-Cucurpe subbasin on the west. The hypothesis that these arcs
acted as source of detritus that were mostly transported by rivers to the
east, into the Bisbee basin, was largely favored by many authors (e.g.,
Jacques-Ayala, 1995; Mauel et al., 2011, Peryam et al., 2012; Sharman et
al.,2015; Lawton et al., 2020; Schwartz et al., 2021); our detrital zircon
geochronology and geochemistry supports this inference.

Detrital zircon reported by Alsleben et al. (2012) from the Alisitos
intra-arc and Cretaceous deformed successions of Baja California,
record nearly continuous magmatism from Late Jurassic through Early
Cretaceous, and some of their age peaks (inset in Figure 9b) nearly
compare to the 116, 120-122 and 153 Ma peaks in the Bisbee Group
samples of Arizpe (Figure 7) and of Tuape (reported by Peryam et al.,
2012) in northern Sonora. Similarly, a possible source for the youngest
zircon grains in our upper Mural and lower Cintura samples may be
the 110 to 89-86 Ma magmatism of the La Posta suite plutons in the
PRB (Premo et al, 2014; Shaw et al., 2014).

U-Pb ages of magmatic zircon in andesite clasts reported from
the lower Morita Formation in Tuape yielded ages from 145 to 133 Ma
(Peryam et al., 2012), which coincide with age of the apparent Early
Cretaceous magmatic gap recorded by our Bisbee Group detrital zircon
samples (Figure 9b). This may indicate that this was not a complete
lull in magmatism, as also indicated by the apparently continuous Late
Jurassic-Early Cretaceous detrital zircon ages from Baja California
(Alsleben et al., 2012).

Hf isotope analyses

The element Hf in detrital zircons may be a clue to sediment
provenance; however, its utility in interpreting sediment sources of
Jurassic and Cretaceous strata in Sonora is currently limited by a
paucity of data. While the eHf values of detrital zircon grains from
the Bisbee Group in the Arizpe area spread from primitive to evolved
values for both Jurassic and Cretaceous ages, the only available data
to compare them with are from Jurassic plutons (Gonzélez-Ledn et
al., 2021; Valencia-Moreno et al., in press) that show negative eHf(t)
values. Lower Cretaceous igneous rocks older than 100 Ma are not
present in Sonora.
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The same behavior occurs for Jurassic plutons in the neighboring
Mojave Desert of southeastern California that also yielded negative
eHf(t) values and Tpy model ages averaging 1700 + 190 Ma for zircon
in two Middle Jurassic rocks, and 1820 + 160 Ma in three Late Jurassic
plutons (Howard et al. 2023).

Early Cretaceous plutons from the western zone of the Peninsular
Ranges batholith in southern California yielded positive zircon eHf(t)
values from 3.1 to 11.4, corresponding to Tpy model ages of ca. 0.4
to 0.9 Ma (Shaw et al. (2014)), while Jurassic metaigneous rocks and
Early Cretaceous plutons and xenoliths from this batholith in the
northern Baja California Peninsula have positive zircon eHf(t) values
(Contreras-Lopez et al., 2021).Similarly, Hf positive values are reported
from volcanic and plutonic rocks of the Alisitos arc in this region (Busby
et al., 2023) (Figure 1).

Magmatic zircons of the Jurassic Cordilleran Continental
magmatic arc in the southern Mojave Desert that have negative eHf(t)
and old Paleoproterozoic Tpy model ages are not a probable source for
the Jurassic zircon of the studied samples, which have Neoproterozoic
and Mesoproterozoic model ages. A more probable source for the Hf
negative zircon grains in the studied samples might be the Jurassic
granites of Sonora that have Neoproterozoic Tpy model ages.

Probable sources for our Jurassic detrital zircon with positive
Hf values are Jurassic igneous and metaigneous rocks of the PRB of
California and Baja California (Shaw et al., 2014; Contreras-Lopez
et al., 2021), although data reported are scarce. Similarly, the Early
Cretaceous igneous rocks of the PRB that have dominantly positive
eHf(t) values represent a plausible source for the same age detrital
zircon with positive Hf of Sonora, as both share the same Paleozoic
and Neoproterozoic Tpy model ages.

Jurassic and Early Cretaceous detrital zircon with mixed negative
and positive Hf values, like those in the Arizpe area, are present in
middle Cretaceous formations of the Mojave Desert in southern
Nevada and are interpreted by Balgord et al. (2021) to be sourced
in batholithic rocks of the Sierra Nevada (Lackey et al., 2012). The
similar detrital zircon composition between both successions also
suggests that detritus in the Altar-Cucurpe subbasin strata of Sonora
have possible sources from the PRB-Sierra Nevada magmatic arc
system.
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CONCLUSIONS

A section of Lower Cretaceous Mural Limestone of the Bisbee
Group in the Arizpe area of northern Sonora, Mexico provides new
data that constrains the ages of the members and provenances of the
siliciclastic units. The Mural crops out in the western block of Sierra
Los Azulitos, which is thrust over the eastern Cerro La Ceja block.
The latter exposes the upper part of the Morita Formation, the entire
Mural Limestone, as well as the Cintura and lower part of the La Juana
formations.

New biostratigraphic data from the Tuape Shale, Los Coyotes
and Cerro La Puerta members and the lower part of Cerro La Espina
Member support the upper Aptian to lower Albian age of the Mural
Limestone (Lawton et al., 2004). This age range is supported by a
shallow marine foraminiferal assemblage, sparse pelagic colomiellids
and planktonic foraminifera and rare benthic megafossils.

Detrital zircon geochronology of five sandstones from the Morita,
Mural and Cintura formations yield weighted-mean MDA values that
constrain the ages of these units. The upper part of the Morita For-
mation is 115.8+1.1 Ma, and the basal Tuape Shale is 113.9+0.8 Ma,
which approximates the age of the Morita and Mural boundary. The
age of the Mural/Cintura boundary is bracketed by 111.6 £1.6 Ma in
the uppermost Mesa Quemada Member and by 108.8 +1.1 Ma in the
basal Cintura Formation. The overlying La Juana Formation contains
upper Albian bivalves and echinoderms.

Sandstone petrography, detrital zircon ages, and Hf isotope
composition of the Bisbee Group formations in northern Sonora
support the origin of sediments from nearby juvenile to evolved
magmatic arcs. Detrital zircon grains in the Morita and Cintura
formations and the Mural Limestone are mainly Jurassic and Early
Cretaceous in age and few are of Proterozoic, Paleozoic or Triassic age.
Four age peaks are 166 Ma, 150 Ma, 118 Ma, and 111 Ma. Jurassic ages
are related to the Continental Jurassic magmatic arc. The Cretaceous
ages are similar to ages of magmatism in the Sierra Nevada-Peninsular
Ranges batholiths, which were near the coast of Sonora at that time
(Lawton et al., 2020). In Sonora, Early Cretaceous magmatism older
than about 100 Ma is unknown (Mauel et al., 2011; Peryam et al.,
2012; Lawton et al., 2020; Gonzélez-Ledn et al., 2020). Similar zircon
ages are also found in the Alisitos intra-arc and Cretaceous deformed
strata of Baja California or even in the La Posta magmatism (Alsleben
etal.,2012).
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APPENDIX A.
TAXONOMY AND SYSTEMATIC DESCRIPTIONS

Taxonomy and systematic descriptions of important fossils
identified either in thin sections or as hand samples from the Mural
Limestone in the section of Cordén de Enmedio, Arizpe area, northern
Sonora, Mexico.

Systematic Micropaleontology
Higher-level systematic classification of bowl-shaped colomiellid
microfossils with a calcite hyaline wall is uncertain.

Family Colomiellidae Bonet, 1956
Genus Colomiella Bonet, 1956
Colomiella tunisiana Colom and Sigal, 1959 in Bolze et al., 1959
Figure 3, 1

Remarks. The suture between the neck and the bowl is slanted and the
base of the bowl is smoothly rounded to slightly angular. This species
ranges from the latest Aptian to early Albian 114.20 Ma to 108.69 Ma
(Scott, 2014). In other Sonoran localities, this species is in the Cerro
La Puerta Shale and the Cerro La Espina members of the Mural
Formation (Gonzalez-Le6n et al., 2008) and in the basal Lampazos
Formation (Saucedo-Samaniego et al., 2021). In northeastern Sonora
and southwestern Arizona, it is in the Canova Member of the Mural
Limestone at Sierra del Caloso (Scott and Warzeski, 1993). In the
Arizpe section, this species is in the lower part of the Cerro La Espina
Member. In the Texas subsurface, it is in the upper Aptian-lower Albian
Tamaulipas Formation (Scott, 1990).

Systematic classification by Boudagher-Fadel (2018) and
Schlagintweit (2020), in which full references to suprageneric categories
are provided.

Phylum Foraminifera Pawlowski et al., 2013
Class Globothalamea Pawlowski et al., 2013
Subclass Textulariana Mikhalevich, 1980
Order Textulariidae Delage and Hérouard, 1896
Superfamily Nezzazatoidea Hamaoui and Saint- Marc, 1970
Family Nezzazatidae Hamaoui and Saint-Marc, 1970 [LT-p. 86]
Subfamily Nezzaztinae Hamaoui and Saint-Marc, 1970
Nezzazata Omara, 1956
Nezzazata isabellae Arnaud-Vanneau and Sliter, 1995
Figure 3, 2-3
Remarks. Five trochospiral specimens have 10-12 chambers per
whorl with a mean diameter of 284 microns, which is slightly larger
than the maximum diameter of 200 microns of the upper Aptian-
lower Albian Pacific specimens (Arnaud-Vanneau and Sliter, 1995).
Similar but larger specimens were described in the upper Albian Mal
Paso Formation in southwest Mexico and identified as Nezzazata sp.
cf. N. isabellae (Filkorn and Scott, 2011). In the Arizpe section, this
species ranges from the Los Coyotes Member to the Cerro La Espina
Member.
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Superfamily Textularioidea Ehrenberg, 1838
Family Chrysalidinidae Neagu, 1968
Praechrysalidina Luperto Sinni, 1979
Praechrysalidina sp.
Figure 3, 4-7

Remarks. These conical tests are biserial in cross-section; the arcuate
overlapping septa define a terminal aperture and span one-half to
two-thirds test diameter; the wall is microgranular calcite; mean test
height is 482 microns, mean width is 268 microns, mean h/w ratio
is 1.85. These specimens are about half the size of Praechrysaldina
infracretacea Luperto Sinni (1979) and their septa are not refracted.
Similar specimens are in the upper Albian Mal Paso Formation,
Guerrero, Mexico (Filkorn and Scott, 2011. In the Arizpe section,
this taxon ranges from the Los Coyotes to the Cerro La Espina
members.

Superfamily Ataxophragmioidea Schwager, 1877
Family Ataxophragmiidae Schwager, 1877
Voloshinoides Barnard and Banner, 1980
Voloshinoides sonoraensis Schlagentweit and Scott, 2015
Figure 3, 8-10
Remarks. This species was first identified in the lower Albian Cerro
La Espina Member of the Mural Formation at the Cerro la Ceja section
about 20 km northwest of the Arizpe section. In the Arizpe section
this species is in the Los Coyotes Member.

Family Cuneolinidae Saidova, 1981
Cuneolina d'Orbigny, 1839
Cuneolina parva Henson 1948
Figure 3, 11-12
Remarks. Filkorn and Scott (2011) reviewed the taxonomy of Albian-
Cenomanian cuneolinids in North America and considered that C.
parva has priority over Cuneolina walteri Cushman and Applin (1947)
in Scott and Gonzalez-Leén (1991). In the Arizpe section C. parva
ranges from the Los Coyotes to the Cerro La Espina members.

Order Loftusiida Kaminski & Mikhalevich in Kaminski (2004)
Suborder Orbitolinina Kaminski (2004)
Superfamily Orbitolinoidea Martin (1890)
Family Orbitolinidae Martin (1890)
Subfamily Dictyoconinae Moullade (1965)
Paracoskinolina Moullade, 1965
Paracoskinolina sunnilandensis (Maync, 1955)
Figure 3, 14-16

Remarks. The marginal zone in the basal section is subdivided by
short, vertical radial partitions alternating with shorter partitions;
in the longitudinal section the marginal zone is without transverse
partitions; the central zone has vertical pillars that are aligned with
pillars in adjacent chambers (Loeblich and Tappan, 1988, p. 162).
In the Arizpe section P. sunnilandensis ranges from the Los Coyotes
to the Cerro La Espina members. Range is Barremian-lower Albian,
125.08-109.36 Ma (Scott, 2014).

Subfamily Orbitolininae Martin, 1890

Mesorbitolina Schroeder, 1962
Mesorbitolina cf. texana (Roemer, 1849)
Remarks. Although none of the specimens in thin sections from the
Arizpe section show the proloculus, M. texana is the most common
species in the lower Albian strata in Mexico. In the Arizpe section,
it is present in the Los Coyotes Member and in the Cerro La Espina
Member. In the Gulf Coast, M. texana ranges from 113.70-108.11 Ma
(Scott, 2014).
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Superfamily Miliolacea Ehrenberg, 1839
Family Hauerinidae Schwager, 1876
Subfamily Hauerininae Schwager, 1876
Genus Pseudonummoloculina Calvez, 1986
Pseudonummoloculina heimi (Bonet, 1956), emended Conkin and
Conkin, 1958

Remarks. In the Arizpe section, this species is in the Los Coyotes
Member and in the Cerro La Espina Member. This species is widespread
in Mexico, in the U.S. Gulf Coast, and in the Mediterranean area. It is in
the El Abra Limestone on the Valles-San Luis Potosi Platform (Omafia
et al., 2019). P. heimi ranges from lower Albian to upper Cenomanian,
110.56-92.03 Ma (Scott, 2014).

Systematic classification of planktic Foraminifera by Huber and
Leckie (2011), in which full references to suprageneric classification
are provided.

Supergroup Rhizaria Cavalier-Smith, 2002
Class Foraminifera d'Orbigny, 1826
Order Globigerinina Delage and Hérouard, 1896
Family Hedbergellidae Loeblich and Tappan, 1961
Subfamily Hedbergellinae Loeblich and Tappan, 1961
Genus Microhedbergella Huber and Leckie, 2011
Microhedbergella pseudodelrioensis Huber and Leckie, 2011
Figure 3, 13

Remarks. The genus Microhedbergella (Huber and Leckie, 2011) hasa
low trochospiral test with globular chambers and thin, microperforated
walls, and smooth exterior walls or with few low pustules (Huber
and Leckie, 2011). The specimens in the Cerro La Puerta Member
(sample 2-19-20-8, 312-319 m) have a diameter of 230 microns and a
thickness of 108 microns, a test thickness/diameter ratio of 0.47. This
species ranges from the lower Albian Microhedbergella rischi Zone
into the upper Albian Ticinella primula Zone in the North and South
Atlantic (Huber and Leckie, 2011). This species has been reported
in Lower Cretaceous strata in Mexico and Texas as Globigerina
delrioensis (Longoria, 1984; Scott, 1990; Scott and Warzeski, 1993);
considering revised systematics of Huber and Leckie (2011), these
identifications need to be reevaluated. It is present in forereef and
basin facies downslope of the Comanche Shelf margin in the Albian
Salmon Peak Formation (Scott, 1990) and in the Aptian-lower Albian
upper Tamaulipas Formation and equivalent units in eastern Mexico
(Longoria, 1984).

Megafossils
Bivalve systematic classification by Carter et al. (2011), in which
full references to suprageneric classification are provided.

Order Hippuritoida Newell, 1965
Superfamily Radiolitoidea d’Orbigny, 1847
Family Caprinidae d'Orbigny, 1847
Subfamily Caprinuloideinae Damestoy, 1971
Genus Coalcomana Coogan, 1973
Figure 3, 17

Remarks. Several wall fragments bear a single row of large oval to
tear-drop-shaped pallial canals, and the septa divide forming small
oval canals on the outer wall margin typical of this lower Albian genus.
These specimens are in thin sections of the Cerro La Espina Member
in the Arizpe section. This genus is common in the lower Albian Glen
Rose Formation in Texas (Scott, 2002; Scott and Filkorn, 2007); it is
present in the Alisitos Formation, Baja California (Madhavaraju et al.,
2021) and in the Mural Limestone in Sonora (Gonzalez-Leon et al.,
2008; Madhavaraju et al., 2018; Scott and Warzeski, 1993). Coalcomana
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ramosa (Boehm) in the Glen Rose Formation has a short range of
111.55-111.26 Ma (Scott, 2014).

Suprageneric classification of Echinoidea by Fischer (1966)
modified by Kroh and Moori (2021).

Phylum Echinodermata Bruguiére, 1791
Class Echinoidea Leske, 1778
Order Spatangoida Agassiz, 1840
Suborder Hemiasterina A.G. Fisher, 1966
Family Toxasteridae Lambert, 1920
Genus Pliotoxaster Pomel. 1883
Pliotoxaster comanchei (Clark in Clark and Twitchell, 1915)
Remarks. Clark (1915) and Cook (1946) placed this species in the
genus Hemiaster; Smith and Rader (2009) ascribed this species to
Pliotoxaster. P. comanchei is common in the lower member and basal
upper member of the lower Albian Glen Rose Formation in central
Texas. Itis in the rudist bioherm interval and in the maximum flooding
Salenia bed (Smith and Rader, 2009). Nieto-Ldpez et al. (2006) report
other Lower and Upper Cretaceous species in Mexico.
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