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ABSTRACT

In the Sierra Agua Verde in central-eastern
Sonora, Mexico, a sequence of paleozoic rocks
crops out, deposited in a carbonate platform
environment with a marine biota consisting
of phylloid algae, fusulinid foraminifera,
Chactetes sponges, tabulate corals, gastropods,
bryozoans, brachiopods, and crinoids. In this
region, a Mississippian-Pennsylvanian sec-
tion, corresponding to the Santiago and La

Joya formations, was studied to analyze the

microfacies and reveal the paleoenvironmental
evolution of the area. Nine facies associations
were described, based on the composition and
texture of the sample, and were linked to stan-
dard microfacies and facies zones according
to the modified Wilson model. The section
was analyzed for “C and 'O stable isotopes,
which revealed a series of excursions that can
be related both to a global or regional-local
scale events, as well as with the defined facies
belts. The results indicate the section was
deposited in a series of marine environments
including reefal margin, sand banks, and
open and restricted lagoons. The C and O
positive excursions might be related to marine
regression events, which are product of glacial
episodes. Such events characterized important
time intervals during the Late Paleozoic. Also,
the carbon and oxygen excursions are related,
to an influx of waters proceeding from the con-
tinent that partially masked the 8"C and 8O
global excursion patterns. The study is relevant
as it is pioneer in analyzing stable isotope
excursions for Sonora, and opens a window to
more exhaustive research about the excursion
patterns that could be related to global climate
changes in a region with abundant Upper

Paleozoic outcrops in Mexico.

Keywords: Mississippian, Pennsylvanian,
Mexico, stable isotope analysis,
microfacies, paleoenvironments.

RESUMEN

En la Sierra Agua Verde en el centro-este de Sonora,
México, aflora una secuencia de rocas paleozoicas
que se depositaron en un ambiente de plataforma
carbonatada con una biota marina consistente en
algas filoides, foraminiferos fusulinidos, esponjas del
género  Chaeletes, corales tabulados, gasterdpodos,
briozoarios, braquidpodos y crinoideos. En esta region,
se estudié una seccion del Misisipico-Pensilvdnico,
correspondiente a las formaciones Santiago y La Joya,
con el objetvo de analizar las microfacies y revelar la
evolucion paleoambiental de la zona. Se describieron
nueve asoctaciones de facies caracterizadas por su
composicion y textura, y se vincularon a una serie
de mucrofacies estdndar y zonas de facies de acuerdo
al modelo de Wilson. La seccion también fue consi-
derada para el estudio de isdtopos estables de " C y
150 que revelaron excursiones las cuales, en algunos
casos, pueden ser asoctadas a una serie de eventos a
escala global, y en otros, a escala regional o local; estos
eventos, ademds, se corresponden con los cinturones
de facies definidos. Los resultados obtenidos indican
que la seccion se deposité en una serie de ambientes
marinos que incluyen el margen arrecifal, los bancos de
arena y las lagunas con circulacion abierta y restrin-
gida. Las excursiones positivas de carbono y oxigeno se
relactonan con eventos de regresion marina producto de
eventos glaciales que caracterizaron intervalos impor-
lantes del Paleozoico Tardio, asi como a un inflyjo
de aguas procedentes del continente que parcialmente
enmascararon los patrones de excursiones de 0”C y
0"%0 globales. El estudio resulla relevante pues es el
primero en analizar las excursiones de 1sdtopos estables
de estas edades en el estado de Sonora y abre el campo
a una investigacion exhaustiwa sobre los patrones de
excursiones que se puedan relacionar con cambios en el
clima a nwel global en un drea rica en afloramientos
del Paleozoico Superior en México.

Palabras clave: Misisipico, Pensilvanico,
México, andlisis de isétopos estables,
microfacies, paleoambientes.
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1. Introduction

The microfacies analysis has been demonstrated
as an important tool to interpret ancient environ-
ments (Ekdale et al., 1976; Kietzmann et al., 2008;
Coronado and Rodriguez, 2009; Fligel, 2010;
Liu et al., 2015; among others). By using the con-
cept of standard microfacies developed by Fliigel
(1972) to categorize platform and reef carbonates
it 1s possible to recognize the different types of
facies zones defined by Wilson (1975), which allow
us to allocate carbonate sediments in a particular
paleoenvironment according to paleontological
and textural criteria.

The Sierra Agua Verde, located in the state of
Sonora in northern Mexico, 110 km E of Her-
mosillo city (Figure 1), is an area that has been
poorly studied with regard to microfacies and
geochemical analyses. This mountain range, dis-
tinguished for its Paleozoic fossil richness, contains
rocks of the Agua Verde Group, a carbonate-plat-
form sequence of Ordovician-Lower Permian
age (Ochoa-Granillo and Sosa-Leon, 1993). The
fossil biota found is diverse; however, few studies
have been published. Gémez-Espinosa et al. (2008)
reported the presence of fusulinids and calcareous
algae; Buitron-Sanchez et al. (2007) indicated the
existence of a fossil association of phylloid algae,
fusulinids, chaetetids, tabulate corals, gastropods,
fenestellid bryozoans, productid and spiriferid bra-
chiopods, crinoids, and conodonts in fossiliferous
limestones belonging to the La Joya formation.
Several contributions have also improved the
knowledge of the stratigraphy of the area: Stewart
et al. (1984, 1988, 1999) were the first to recognize
the presence of Paleozoic rocks in the area; Min-
jarez-Sosa et al. (1993) and Ochoa-Granillo and
Sosa-Leon (1993) described Ordovician, Devo-
nian, Mississipian, Pennsylvanian, and Permian
strata. Other important studies that contributed
to the understanding of the stratigraphy of the
region include those of Repetsky et al. (1985),
Gehrels et al. (1995), and Poole ¢t al. (1995).
Ochoa-Granillo and Sosa-Leo6n (1993) inferred the
depositional environment of the La Joya forma-

tion as a shallow platform, with the development
of calcareous banks with terrigenous input. Buit-
ron-Sanchez et al. (2007) concluded that the fossil-
iferous association of this unit is typical of tropical
shallow seas and shows a strong affinity with spe-
cies of regions from the south of the United States
and the Midcontinent area. However, Almazan-
Vazquez et al. (2007) pointed out that the La Joya
formation was deposited in a relatively deep-water
environment, on the boundary with the photic
zone, because of a lack of shallow-water proxies
(i.e., algae), and an abundance of crinoids, bryozo-
ans, and brachiopods, interpreted by those authors
as indicators of deeper water. On the other hand,
Gomez-Espinosa (2010) characterized 12 different
microfacies, from base to top, as slope, lagoon,
slope, toe of slope, lagoon, slope, lagoon, and reef.
Both studies are sustained on a reduced number
of samples, which impedes a determinant conclu-
sion. Recently Navas-Parejo et al. (2017) reported
different biozones of conodonts in La Joya, and
thus defined the ages for this section.

The aim of this work is to unravel the variations
among depositional environments within the Car-
boniferous La Joya section in Sierra Agua Verde.
The above by means of a more detailed sampling
on that area that allows recognition of variations
of petrographic elements through a microfacies
analysis. Additionally, “C and 'O stable isotope
curves were analyzed, and their excursion pat-
terns matched with facies associations, bringing
some insight in global to regional conditions
present during the deposition time of the La Joya
sediments.

2. Stratigraphy

2.1. SIERRA AGUA VERDE STRATIGRAPHY

In Sierra Agua Verde (Figure 2), Paleozoic rocks
are well exposed in outcrops belonging to the
Cambrian San José Group and to the Ordovi-
cian-Lower Permian Agua Verde Group. The
La Joya and Santiago formations, defined by
Ochoa-Granillo and Sosa-Leon (1993), represent
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informal lithostratigraphic units with a thickness
of 669 m that belong to the Agua Verde Group.

The Santiago formation consists of limestones,
dolomitized and sandy limestones, and sandstones.
The lower part of the formation corresponds to
dolomitized gray limestone, intercalated with
small horizons of sandstone and 14 cm thick, black
chert beds as well. The middle part is composed
of sandy limestone and calcareous shale rich in

corals, brachiopods, bryozoans, and bivalves.

The upper part of this unit is represented by
gray fossiliferous limestone with some black chert
lenses, and grades into red shale-sandstone with
Syringopora (Ochoa-Granillo and Sosa-Leon, 1993).
According to Ochoa-Granillo and Sosa-Ledn
(1993), the Santiago formation was deposited in
a platform with development of calcareous banks
of colonial organisms and is coetaneous with the
Escabrosa and Horquilla formations in the Cab-

ullona area, northeast of Sonora.
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Qa: %ualemary alluvial deposits
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.’ Thrust fault
——>  High angle fault

~  Strike and dip of strata
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mceologic map of the Sierra Agua Verde area; the measured La Joya section is shown in red (Modified from Stewart et al., 1999).
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This formation underlies and is transitional to the
La Joya formation, which has a thickness of 294 m
consisting of limestone intercalated with calcare-
ous lodolites and sandy lenses. The base of the La
Joya formation is composed of medium to thick,
massive, light gray to reddish limestone strata, with
small calcareous lodolite intercalations in thinner
strata, with black to red chert nodules embedded.
Common fossils are the coral Syringopora (middle
Silurian-Pennsylvanian), the brachiopod Crurithy-
7is (Devonian-Permian), the bryozoan Glyptopora
(Carboniferous), and crinoidal remains.

Above these strata, we found light-gray limestone
in fresh rock and blue-gray in weathered surface,
with intercalations of calcareous reddish mud-
stones. The fossil fauna consists of Syringopora
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corals, crinoid plates, bryozoans, gastropods, and
other shell remains.

At its upper part, it consists of medium-thick gray
to reddish limestone strata, intercalated with cal-
careous red lodolite, and white to red chert nod-
ules and lenses with small dark bands. Fossil fauna
consists of the coralline sponge Chaetetes from the
middle Pennsylvanian, the bryozoan Fenestrellina
of Silurian-Permian age, and the Pennsylva-
nian-Permian brachiopod Neospirifer.

2.2. LA JOYA SECTION

[ B B @ B

A 270 m thick section of the La Joya (Pennsylva-
nian) and Santiago (Mississippian) formations was
measured (Figure 3). The lithology of the section

LITHOLOGY
Sandstone Cherty limestone
Limestone E Fine-grained limestone

Sandy limestone Coquina
Brecciated limestone Tuff

Dolomitic limestone

FOSSIL CONTENT

= Brachiopods ®  Crinoids
T Bivalves € Corals
3 Chaetetes == Ichnofossils

Stratigraphic column of the La Joya Section in Sierra Agua Verde, Sonora, Mexico.
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is mainly limestone. The 50 m interval at its base
corresponds to sandy limestone intercalated with
finer-grained limestone. The sandy limestone
is overlain by poorly fossiliferous (crinoids, bra-
chiopods, and bivalve shells) grayish limestone.
Upwards, from 50 to 180 m, a lithology of rela-
tively homogeneous, light to dark gray limestone is
observed. At 75 m above the base of the section,
there is an intercalation of a thin layer of pale
volcanic tuff. At 80 m, a thin coquina layer, mainly
composed of brachiopods, intercalates the lime-
stone. From 180 to 270 m, the limestone changes
from grayish to pinkish colors with intercalations
of white and dark chert nodules. At this level,
crinoid fossils, brachiopods, and Chaeleles coralline
sponges are exposed.

3. Methods

3.1. IDENTIFICATION OF FACIES ASSOCIATIONS AND
ENVIRONMENTAL INTERPRETATION

In order to achieve a paleoenvironmental recon-
naissance of the La Joya section in the Sierra
Agua Verde, a petrographic study of 67 samples
was carried out. Classification of recognized facies
followed the scheme of Dunham (1962), which
considers textural and grain type components.
Samples were sectioned in duplicate, so that each
sample had two thin sections perpendicularly ori-
ented each other with the purpose of obtaining as
much information as possible. The thin sections
were observed in a petrographic microscope
Olympus BX51 and pictures were taken using a
CoolSNAP-Pro Color RS Photometrics camera,
integrated to the microscope, with 2x, 4x, and
10x objectives. For the image edition, the software
Image-Pro Plus 7.0.0.591 of Media Cybernetics
was used. Each sample was assigned to a standard
microfacies (SMF) (Fliigel, 2010). Those samples
with similar SMI’s, textures, and composition
were related to a characteristic facies association.
With the information gathered, the different facies
zones were interpreted according to the model of
Wilson (1975).

3.2. 8"3C AND 830 STABLE ISOTOPE ANALYSES

For oxygen and carbon isotope analysis, we sur-
veyed bulk rock analysis, selecting those samples
with minor diagenesis alteration, so that the
obtained signals were those of the depositional
environment. The selection of samples was fur-
ther carried out by petrographic evaluation: thin
sections with pervasive silicification, dolomitiza-
tion, or recrystallization, as well as those with no
evidence of the deposit facies, were excluded from
1isotopic analyses. The rock powder was obtained
by drilling with a Dremel 4000 in the rock matrix,
avoiding areas of recrystallization, stylolites, and
calcite veins.

To determine the compositions of bulk rock car-
bonate samples, the method designed by McCrea
(1950) was used. Briefly, this method consists of
measuring C/"”C and ""O/'"°O ratios of CO,
released from a reaction with H,PO, 100% at 25
°C during 54 hours in a Thermo Finnigan MAT
253 mass spectrometer at the Stable Isotope Labo-
ratory of the Institute of Geology, UNAM.

8"C values were measured and expressed relative
to the VPDB (Vienna Pee Dee Belemnite) scale,
normalized using consensus values of —46.6%o for
LSVEC (LiCO,) and + 1.95%o for NBS19 (Coplen
et al., 2006). 5O values were also measured rel-
ative to VPDB, normalized according to Coplen
(1988). However, in order to have better compar-
isons with regard to the literature, 5'"*O VPDB
scale was converted to VSMOW scale following

the equation:

8"0Oy ,yevow = (1.03091 x 8"0O, , ...) + 30.91
where 6"°O ¢\ o 18 the 8"°O value in the sample
x in VSMOW scale, whereas 6'°Oy, ., 1 the

80 value of the same sample in VPDB scale.
The analyses were performed using the refer-
ence materials LSVEC, NBS-19, and NBS-18,
and every 7 samples, an internal CaCO, Sigma
reference was placed to verify repeatability and
reproducibility less than 0.2%o.
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4. Results

4.1. MICROFACIES ANALYSIS

Nine facies associations (FA) were defined based
on textural and compositional features, and were
placed in some of the facies zones (FZ) proposed
by Wilson (1975) and modified by Schlager (2002).
FA1l. Grainstone/rudstone with abundant cri-
noids (Figure 4). This facies is characterized by
fragmented brachiopod and bivalve shells, as well
as scarce bryozoans and ostracods. Sparsely, it dis-
plays some ooids and benthic foraminifera. FZ5:
platform-margin reef.

FA2. Packstone of pellets/peloids (Figure 5). Sam-
ples with abundant pellets/peloids and sand grains
with fauna consisting of crinoids, foraminifera,
and sponge spicules. On this association, crinoids
are not as abundant as in FA1. Due to the presence

of sponge spicules and a great quantity of pellets,
FA2 is interpreted as belonging to a restricted
lagoon in the platform (FZ8). The presence of
terrigenous material indicates a proximity to the
land; the good sorting indicates a local reworking.
FA3. Grainstone with coated bioclasts and peloids
(Figure 6). As in FA2, peloids are a very important
component, and cortoids made up of bioclasts
coated by micritic layers are also significant.
Algae, benthic foraminifera, and crinoids are
common, whereas ooids and Gurvanella oncoids are
rare. FZ6: sand banks on platform margin with
constant wave action, at or above the fair-weather
wave base.

FA4. Wackestone/floatstone of sponge spicules
and fragmented and disarticulated remains of cri-
noids, brachiopods, and ostracods (Figure 7). Typi-
cal facies of slope and lagoonal environments with
mud-supported textures and elements proceeding

mFAI: Grainstone/rudstone with abundant crinoids. (A) Sample L) 4, reconstruction after 2x images; (B) sample LJ 10; (C) sample
LJ 15; (D) sample L) 36.
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RESULTS

m FA2: Packstone of pellets/peloids. (A) Sample L) 8; (B) sample LJ 31; (C) sample L) 34, reconstruction after 2x images; (D)
sample L) 64.

o 5 H7)
MFA?,: Grainstone with coated bioclasts and peloids. (A) Sample L) 3, reconstruction after 4x images; (B) sample L) 41; (C) sample
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from the reefal crest and the platform margin, that
fall down into the slope (fore reef position) or into
the lagoon (back reef position), such as crinoid
and brachiopod remains, as well as lithoclasts in
a brecciated fabric. FA4 is interpreted as a lagoon
with open circulation (FZ7) because of a lack
of evidence of slope environments in neighbor
microfacies.

FA5. Grainstone/rudstone and floatstone with
lagoonal fossils (Figure 8). Facies with crinoids and
brachiopods, as well as typical fauna from lagoonal
environments, such as foraminifera, bryozoans,
bivalves, gastropods, and echinoids. Also, non-skel-
etal elements as cortoids and intraclasts are found.
Unlike FA1, this association is rich in textures with
wackestone/floatstone type, meaning that they are
poorly washed due to the position in a lagoon with
lower wave influence. The important occurrence
of foraminifera allows allocating this association

in the FZ7 (open marine lagoon).

300pum Wit e 4 300pum

FA6. Grainstone with crinoids and pellets (I'igure
9). In contrast to FA1, this association contains cri-
noids surrounded by pellets, with a higher amount
of micritic mud. It i3 considered intermediate
between FA1 and FA2, for it does not contain as
much crinoids as FA1, nor as much pellets as FA2.
Sponge spicules are present in some samples of
this association. I'Z5: platform reefal margin.
FA7. Packstone/grainstone with abundant ben-
thic foraminifera and algae (Figure 10). Some of
the foraminifers seem abraded and broken, which
indicates they underwent some transport from
high-energy to low-energy environments in an
open-circulation lagoon (FZ7).

FA8. Mudstone/wackestone with scarce fossil
content (Figure 11). Facies with small quantities
of fossils corresponding to sponge spicules and cri-
noids, and trace elements of ostracods. Some sam-
ples have diagenetic alteration (i.e. dolomitization

and silicification), although this does not prevent

FA4: Wackestone/floatstone of sponge spicules and fragmented and disarticulated remains of crinoids, brachiopods, and
ostracods. (A) Sample LJ 30; (B) sample LJ 47; (C) sample L) 48; (D) sample LJ 49, reconstruction after 2x images.
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3 mm

RESULTS

FA5: Grainstone/rudstone and floatstone with lagoonal fossils. (A) Sample L) 54; (B) sample L) 56; (C) sample L) 57; (D) sample
L) 62, reconstruction after 2x images.

300pm

m FAG6: Grainstone with crinoids and pellets. (A) Sample L) 5; (B) sample LJ 11; (C) sample LJ 11, reconstruction after 2x images;
(D) sample L) 12.
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300pm

RESULTS

y ¢ 1 b o il N 4 < e & ok o
m FA7: Packstone/grainstone with abundant benthic foraminifera and algae. (A) Sample L) 43B; (B) sample L] 44; (C) sample L)
63, reconstruction after 2x images; (D) sample L) 63bis.

300pum b, 300um

m FA8: Mudstone/wackestone with scarce fossil content. (A) Sample LJ 51; (B) sample L) 55; (C) sample LJ 6; (D) sample L] 60,
reconstruction after 2x images.

©
1
o
<
o
n
)
)
S
v
>
]
=]
=
<
©
ol
L
=
a
=
(%]
(%
o
o
L d
o
&
<
)
©
L ol
(%]
-]
<
]
(%]
=
154
o]
G
o
S
=
=




RESULTS / DISCUSSION

©
1
=]
c
o
()
)
)
)
o
>
©
S
)
<
©
S
S
=
n
=
w
9]
o
[=]
L
=]
&
&
)
I
et
w
-]
c
[
7]
=
v
I
G
o
S
=
=

JCTICAPN FA9: Laminated peloidal bindstone. Sample LJ 39;
reconstruction after 2x images.

@ | Boletin de la Sociedad Geoldégica Mexicana | 2019

the recognition of deposit facies. It is associated
with SMF 1 “spiculite wackestone/packstone”
due to the presence of sponge spicules, and with
SMI' 23 “Non-laminated homogenous micrite
or micro-sparite without fossils” due to mud-sup-
ported texture without fossils. Although SMF 1 is
typical of deep environments, it is also found in
protected shallow platform environments (Fltgel,
2010). FZ8: restricted-circulation lagoon.

FA9. Laminated peloidal bindstone (Figure 12).
This FA is assigned to the SMF 16-L because of
the presence of micritic laminae composed of
mud peloids. In addition, sand grains from land
erosion, as well as some intraclasts, are common
elements. This facies appears as pelsparite laminae
alternating with pelmicrite laminae of microbial
origin, with peloids spreading out fully and homo-
geneously. FZ8: restricted-circulation lagoon.

4.2. STABLE ISOTOPE ANALYSIS

The values obtained for the analysis of "“C/"*C
and '"*O/'°O ratios are given in Appendix 1. The
corresponding curves (Figure 13) are compared
with the distribution of the different facies associ-
ations and Wilson’s (1975) facies belts throughout

3 mm

the stratigraphic section, which are considered
paleobathymetrical indicators.

At the base of the section, in the Meramecian
stage, 8""C values range from 1 to 4 %o except for
two peaks that lower the 8"C to less than -1.49%o
and -2.85%o. After those negative excursions, val-
ues recover up to 2 to 3%o. The Chesterian stage
starts with a 8"*C of 1.35%0 and henceforth, val-
ues do not change significantly. At the beginning
of Morrowan stage, 8"°C decreases from 0.39%o
to -1.75%o0 and it recovers until reaching a peak
of 1.2%o, after which levels decrease to -2.04%o,
a little before the tentative Morrowan-Atokan
boundary at the upper part of the section. In the
presumable Atokan, values increase to 1.48%o.
These values are lower than those calculated in
other Carboniferous localities (Brand, 1989; Mii et
al., 1999; Veizer et al., 1999; Saltzman, 2005).
With regard to 8O values, some abrupt changes
can be observed at the base of the section, being
the most abrupt of all, that of the 21.3 to 15.2%o
from sample L] 4 to L] 5. After that, the tendency
is a recovering of values that reached almost 25%o
during the Meramecian. A little negative excur-
sion continues and, by the end of the Merame-
cian, a new raising in 8'*O values can be observed.
For the Chesterian, the tendency is a lowering of
the values whose minimum level extended into
the lowermost Morrowan (Lower Pennsylvanian)
with values around 17%o. This negative excursion
is followed by a positive one with changing values
but which, ultimately, brought the curve untl a
maximum value of 25%o. At the presumable Ato-
kan, 80O values changed more abruptly but, in
any case, they were still high.

5. Discussion

Examining the paleobathymetric curve based on
microfacies analysis (Figure 13), we interpret the
Mississippian strata to have been deposited in
offshore areas, nearby the platform margin. This
can be confirmed with the high frequency of
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Glacial 11

B Fal
] FA2
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BEOD M.

[] Indeterminate

FA6
FA7
FA8
FA9
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~o- 3"*Cyppp(%0)
- 8" 0y gmow (%0)

m 030 and 8'3C values recorded in samples of the La Joya section compared with the different facies associations, the
paleobathymetric curve, as well as the presumable position of Isbell et al. (2003) glacial events. The dash lines indicate strata with
diagenesis (dolomitization or silicification) that were not sampled.
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FA1, which is typical of margin platform environ-
ments (grain-supported textures with abundant
crinoids). At the end of the Meramecian and at
the Chesterian, abrupt facies belt and facies zone
changes are recorded, along with shallowing sea
level. Common facies associations at this interval
are FA2 (packstones of pellets) intercalated with
FAl and others less abundant like FA4 (wacke-
stone or floatstone of fragmented fossils such as
sponges, crinoids, brachiopods, and ostracods) or
FAS (grainstone or rudstone and floatstone with
lagoonal fossils), which are typical of nearshore
lagoonal environments (either with restricted or
open circulation). At the onset of the Morrowan,
typical lagoonal associations (FA 7, 4, 5 ) are pres-
ent with some intercalations of marginal facies
(FA3). This means that the changes, previously
identified for the latest Meramecian and Ches-
terian, stopped during most of the Morrowan,
when constant shallower lagoon conditions were
established in the platform, as can be seen in
the paleobathymetric curve. At the end of the
Morrowan and during the segment of the Ato-
kan included in the section, some little changes

in microfacies are recorded, but with a tendency

towards a shallower nearshore restricted platform.
This pattern is thought of as a sea level decrease
during Early Pennsylvanian that can be correlated
with the onset of the glacial event II reported by
Isbell ez al. (2003), and compared with the positive
8"0O excursion. Several authors have reported the
occurrence of glacial deposits along the Pennsyl-
vanian in outcrops corresponding to Gondwana
(Veevers and Powell, 1987; Fielding et al., 2008;
Henry et al., 2008; Holz et al., 2008; Martin et al.,
2008; Rocha-Campos ¢t al., 2008; among others).
During this time, Gondwana underwent various
episodes of glaciations that caused important sea
level regressions resulting in positive 8'*O excur-
sions, as more of the 'O was trapped in ice caps
during glaciation times (Joachimski ¢t al., 2006).

Another goal of this study is to know the behavior
of 8"”C and 8"O isotope values to compare with
data from other parts of the world and elucidate
a regional or global pattern. Nonetheless, in order
to rule out a diagenetic imprint in our samples,

a crossplot of §"O, against 6"”°C values

VSMOW VPDB
was made (Figure 14). According to some authors
(Banner and Hanson, 1990; Titschak et al., 2009;

Seuss e/ al., 2012) a direct covariance of both
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m Crossplot of &30 vs 8'3C showing no direct correlation as evidenced for the almost horizontal regression line (slope of
0.2) and the r coefficient indicating a value close to 0. The p-value of 0.31 supports the lack of correlation between the isotopic values.
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8C and 80 is evidence of diagenetic alteration
affecting both isotopic signatures. However, no
covariance is clear from our results, and the result-
ing correlation coefficient value of 0.14 indicates
that there is no correlation between the calculated
8"C and 8"0O values; thus, it is interpreted as no
evidence of diagenetic alteration recorded in the
isotopic composition.

The 8O signal is more susceptible to diagenetic
alteration in bulk rock sampling than §"C, and
this is reflected in the maximum difference found
between the lower and higher 8O values. For

8180

VSMOW?
the minimum is 15.22%o, with a difference of

the maximum value is 26.52%0 and

11.30%o0, which is wide enough to be considered
a reliable proxy of the original seawater com-
position. However, assuming the samples have
been altered evenly, we can infer some patterns.
For example, the Meramecian is characterized
for several peaks in the 8O signal with relatively
high values, except for some lower values at the
beginning of the section. These high values could
be associated with cooling temperatures, and the
peaks, with short time intervals of warming. The
evidence in other parts of the world indicate that
Meramecian was not a glacial age (Mii et al., 1999;
Isbell et al., 2003; Fielding et al., 2008; Frank et al.,
2008; among others), as it lies between the Glacial
I (Late Devonian-Early Mississippian) and Glacial
IT events proposed by Isbell ez al. (2003), so that the
8'"%0 signal would record only a drop in tempera-
tures and not glacial events as such.

At the beginning of the Chesterian, a negative
8O excursion can be drawn that reached its
minimum in the lowermost Morrowan. This
event could be interpreted as a warming period,
with ice cap melt raising '°O in seawater, thus
lowering 8'"O. Immediately, we can distinguish
an increase that correlate with the global increase
that occurred at the onset of the Pennsylvanian
and that corresponds to the glacial event II of
Isbell et al. (2003). The change in facies associa-
tion towards nearshore environments confirms a

sea-level decrease that might have been caused by

this glacial event. The rest of the Morrowan and
Atokan 1s characterized by abrupt changes in the
8'%0 values. Oxygen isotopes are sensitive to many
other events besides glacial formation and melting.
For example, the amount of fresh water coming
into the marine platform can modify §'*O, because
continental runoff is enriched in 'O relative to
ocean water, and ultimately this would cause a
8O drop in ocean water. This also affects salinity
as freshwater runoff ("*O enriched) reaching the
sea, lowers seawater salinity and hence, 'O levels
(Joachimski ez al., 2006). However, these authors
consider that salinity does not account for much
of 80 variation in low-latitude surface waters, as
it does surface water temperature and ice volume.
Because the microfacies analysis assumes environ-
ments close to the shoreline, the influence of con-
tinental fresh water is presumed to be important,
leading to a local or regional variation in 8"°C and
80 values.

For the 8"C isotope curve, we compared our
results with those of bulk rock data reported by
Saltzman (2005) in the Great Basin, United States.
For the Osagean-Meramecian, Saltzman showed
8"C values between 1%o and 3%o, whereas in the
La Joya section, the average is, for the Merame-
cian, between 2%o and 3%o.

The major difference is found during the Penn-
sylvanian where Saltzman reported "°C values
that range between 1%o and 4%o whereas in the
La Joya section, values extend from -2% to 1.5%o,
approximately. For the Chesterian stage, the La
Joya 8"C values approach those reported by Batt
et al. (2007) in east-central Idaho, with an overall
pattern towards lower values at the end of the
Chesterian from 2%o to slightly lower than 0%e.
This pattern is also recognized in the Chesterian
of La Joya (from 1.3%o to values near -0.5%o), but
this interval is very short, indicating that only a
portion of Batt et al.’s (2007) Chesterian is repre-
sented in our section.

At the beginning of the Morrowan (Pennsylva-
nian), this tendency disappears, since there is no
evidence of the typical positive 8"C excursion
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reported by many authors in several localities
across the world (Mii ez al., 1999, 2001; Saltzman,
2005; Batt et al., 2007; Frank et al., 2008; among
others). We notice a slight positive excursion well
into the Morrowan but not at its onset. The 8O
curve also shows a positive excursion, but it starts
slightly after the onset of the Morrowan.

This excursion does not match with that reported
in the literature showing its onset at the beginning
of the Morrowan (Bashkirian), leading to the
conclusion that this excursion is due to a more
regional pattern, rather than global. Perhaps, a
more exhaustive study in this interval is necessary
to elucidate the global pattern.

For some authors (Lowenstam, 1961; Grossman
et al., 1996), geochemical composition of brachio-
pod shell calcite is a reliable proxy for paleoen-
vironmental reconstruction. This assertion was
based on the idea that brachiopods precipitate
their shells in isotopic equilibrium with seawater.
Since they have a low-Mg calcite composition,
they are less susceptible to diagenetic alteration in
comparison with the aragonite and/or high-Mg
calcite composition of other biogenic components
in the matrix (Batt ¢t al., 2007). In contrast to this
assumption, some studies revealed that brachiopod
shells are not always in isotopic equilibrium with
ambient seawater, as vital effects change the car-
bon and oxygen isotope composition (Carpenter
and Lohman, 1995; Brand ez al., 2015). Therefore,
some corrections (Mg-effect) and cautions (avoid-
ing fast-growing areas) to properly interpret the
original seawater composition are needed (Brand
et al., 2015). This fractionation chiefly depends on
what area of the shell is chosen for analysis (pri-
mary or secondary layer; Carpenter and Lohman,
1995). Furthermore, some studies demonstrated
that bulk carbonates have a continuous and
facies-independent record, and therefore they are
excellent proxies of seawater §"°C composition
(Weissert et al., 1985; Saltzman, 2003; Batt e al.,
2007; Liu et al., 2017). For these reasons, and the
scarcity of a continuous record of well-preserved
brachiopod shells in the study area, a total rock

isotopic analysis is used.

Some of the discrepancies observed between this
work and others could be assigned to regional or
local controls that mask global patterns. In addi-
tion to diagenetic overprint, tectonic influences,
local changes in productivity, or G sequestration,
among others, could be mentioned. To reduce the
bias caused by diagenesis, the samples were care-
fully selected avoiding those of high diagenetic
alteration (silicification, oxidization, or dolomiti-
zation). Furthermore, in the drilling process, we
avoided sampling in calcite veins or areas of evi-
dent recrystallization (except for grainstone-tex-
ture samples that are cemented by sparite).
During the Pennsylvanian, the eastern part of
Sonora was in one end of the Pedregosa Basin
(Figure 15), a shallow marine platform that
divided the North American Craton from the
Rheic Ocean (Palafox-Reyes, 2011). Greenwood
et al. (1977) included open-shelf rocks of Penn-
sylvanian age from southeastern Arizona, south-
western New Mexico, and northern Mexico in the
extension of the Pedregosa Basin. The shallow
facies belts recognized in this study indicate that
the La Joya section was part of the shallower area
of Pedregosa (Pedregosa shelf according to Armin
(1987)). During the Late Paleozoic, some terranes
surrounded this basin: the Ilorida Islands to the
northeast, and the Zuni-Defiance uplift and the
Sedona arch to the north and northwest.

In the southern part, the basin was bordered
by the Marathon-Chihuahua segment of the
Ouachita orogeny (Armin, 1987, and references
therein). According to this model, we propose that
the La Joya section was located in the area corre-
sponding to the Pedregosa platform, and in close
vicinity with the deeper Pedregosa Basin, both
of them somewhat distant from the continental
uplifts, which explains the lack of sufficient input
of siliciclastics in the platform.

According to Batt ez al. (2007) the differences found
in 8"C values between Tethyan and Panthalassan
brachiopods could be explained by variations
across the platform due to differences in residence
times of the waters found in restricted platforms,

as well as the mixing of water masses isotopically
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different because of upwelling and freshwater
influx. The upwelling process had already been
proposed as a likely mechanism that accounted
for 8"C differentiation (Mii et al., 1999, 2001;
Saltzman, 2003; Liu et al., 2015). These zones of
upwelling would have developed due to the closure
of the Rheic seaway during the Middle to Late
Visean (Meramecian-Chesterian), which reorga-

nized the patterns of ocean circulation and ulti-
mately promoted areas of upwelling in Western
Euramerica (Liu e al., 2015). Such differentiation
would cause areas in Western Euramerica (Mid-
continent U. S.) to have lower 8"C values (a shift
of only 1.5%o) with regard to Eastern Euramerica
during mid-Carboniferous (a 3%o increase; Mii e
al., 2001). In this context, the lack of a clear pos-
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itive excursion in §"C values for the Morrowan
of La Joya can be due to a masking of the global
pattern, leading by the occurrence of upwelling
that brings '“C-enriched nutrients to the sea sur-
face (expressed by lower 8"°Ci values). Also, if there
were poor water replacement with open seas, and
the proximity to land brought sufficient amount
of C-enriched sediments, they could hamper the
expression of a clear 8"C positive excursion cor-
related with the onset of the mid-Carboniferous

glaciation.

6. Conclusions

The microfacies analysis yields 9 facies associations
distributed along the 270 m of the La Joya section
in the Mississippian-Pennsylvanian of the Sierra
Agua Verde, Sonora. These facies associations
span marine paleoenvironments from the mar-
ginal reef position up to sand banks and open and
restricted lagoons. The paleobathymetric curve
constructed after these facies associations indicates
deeper conditions during the Meramecian times
with abrupt changes during Chesterian and more
stable and increasingly shallower waters for the
Pennsylvanian, which can be correlated with the
onset of glacial II reflected as a global sea-level
drop. This decline can be confirmed with a posi-
tive excursion in 8'®O values during the Mississip-
pian-Pennsylvanian boundary, although for the La
Joya section, this pattern is shown at the middle
of the Morrowan. More studies are necessary to
clarify this discrepancy. When we compare our
8"C values with literature, some differentiations
appear. Input of land "*C-enriched fresh water, as
well as regional upwelling and long residence times
of the seawater in this mostly restricted platform
are claimed as causes of the discrepancies.

This work is an approach in the interpretation of
paleoenvironmental conditions and more inves-
tigation has to be done, particularly with other
Sonoran sections, which are poorly studied in a

geochemical framework.
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Appendix
Table 1. 83C and 520 values of the La Joya section, Sierra Agua >
Verde, Sonora, Mexico relative to VPDB and VSMOW scales. g
618OVPDB E
S13C. o/ o
LJ2 3.5 -9.14 21.49
L3 2.33 -6.92 23.78
L4 3 -9.29 21.33
L5 3.69 -15.22 15.22
L] 6 3.03 -14.5 15.96
L]7 1.79 -9.04 21.59
LT 8 2.53 -9.97 20.63
L 11 2.17 -6.66 24.04
LJ 12 1.95 -7.38 23.31
LJ 13 1.57 -8.36 22.29
LJ 14 1.84 -8.25 22.4
LI 15 2.46 -5.89 24.83
L 16 -1.49 -8.42 22.23
LJ21 1.83 -6.43 24.28
LJ24 -2.85 -7.89 22.77
LJ 25 2.52 -6.11 24.61
LJ 26 2.16 -5.88 24.85
LJ 27 2.56 -7.38 23.3
LJ 29 2.27 9.3 21.32
LJ 30 3.25 -9.64 20.97
LJ 31 1.28 -7.79 22.88
LJ 32 1.84 -7.07 23.62
LJ 33 0.71 -5.75 24.99
LJ 34 1.35 -7.08 23.61
LJ 35 1.27 -7.31 23.38
LJ 36 1.07 -6.41 243
LJ 37 -0.04 -9.86 20.74
LJ 38 0.44 -7.81 22.86 <
LJ 39 -0.47 -9.96 20.65 5
LJ 40 0.39 -10.96 19.61 c
LJ 41 -1.48 -12.73 17.78 v
LJ 42 -1.75 -13.4 17.09 =
LJ 43B -1.22 -11.97 18.57 o
LJ 44 -0.61 -11.59 18.96 r>u
LJ 44B -1.43 -10 20.61 3
LJ 45 -1.47 -10.31 20.28 <
LJ 47 1.2 -8.4 22.25 ©
LJ 48 0.67 -7.8 22.87 @
LJ 49 0.3 -5.67 25.06 g
LJ 50 -1 -10.67 19.91 £
LJ 52 -1.41 -8.21 22.45 o
LJ 53 -1.14 -5.99 24.74 g
LJ 54 -1.96 -9.57 21.05 §
LJ 55 -2.04 717 23.52 o
LJ 56 -1.68 9.2 21.43 =
LJ 57 -0.54 -8.66 21.98 §
LJ 59 -0.78 -9.82 20.79 =
LJ 60 1.48 -4.26 26.52 £
LJ 61 0.11 -10.25 20.34 D)
LJ 63 0.07 -7.19 23.5 'S
LJ 64 1.32 -6.4 24.31 ug
S
=




