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Abstract

Modeling of the response to future climate change predict that northwest North
America will become more arid. By studying sedimentary deposits from the late Miocene
and Pliocene time periods, when mean global air temperatures were ~3 °C warmer than
today and sea-surface temperatures were 3-8 °C warmer than today, scientists can further
address the potential future impact of climate change. The late Miocene to Pleistocene
Santa Rosalia Basin, located along the western margin of the Gulf of California in Baja
California Sur, Mexico has a complex history of sedimentation but the paleoenvironments
of fluvial, marginal-marine, and marine deposits in this area are poorly understood and the
late Miocene to early Pliocene climate is relatively unknown. In this study, bulk carbonates
from the late Miocene Boleo Fm. and bivalve and barnacle macrofossils from the late
Miocene Boleo Fm., early to middle Pliocene Tirabuzon Fm., late Pliocene Infierno Fm.,
and Pleistocene Santa Rosalia Fm. were collected and processed for petrography, species
identification, X-ray diffraction, and stable oxygen and carbon isotope analyses. X-ray
diffraction analysis and the covariation trends between 8'%0 and §'3C suggest that the
values recorded in these deposits are original. Comparison between the §'%0 and §'°C
values in this study and common values for Quaternary carbonates reveals a strong
freshwater signal on deposits that were previously regarded as marine. In this study, §'%0
and 8'3C values from the late Miocene Boleo Fm. and the Pliocene Tirabuzén and Infierno
Fms. suggest a substantial freshwater source into the basin not present today. §'%0 and §'°C
values from the Pleistocene Santa Rosalia Fm. no longer record a freshwater influence, as
the climate transitioned to the modern arid regime. This suggests that during the late

Miocene and Pliocene warmer temperatures did not lead to increased aridity in this region
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and instead this area was likely more humid than modern times. The Santa Rosalia Basin
was likely influenced by a prolonged and intensified North American monsoon resulting
from increased sea-surface temperatures and opening of the Gulf of California during the

late Miocene and Pliocene.
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1. Introduction

As the global climate continues to warm, models predict that southwest North
America will become more arid (Seager et al., 2007). This increased aridity will lead to
worse droughts, drier soils, and reduced river flows that will greatly affect the vegetation,
wildlife and humans that live in southwest North America. To better understand the
potential landscape, flora, and fauna changes that will occur as the global climate warms,
studies of paleoclimate and paleoenvironment during times of increased aridity and
temperature in southwestern North America are on-going. The latest Miocene (7-5.33 Ma)
is regarded as the driest part of the Tertiary (Chaplin, 2008), and global temperatures during
the Pliocene (5.33-2.58 Ma) were 3-4 °C warmer than today (Winnick et al., 2013), offering
a parallel to future predictions of a warmer and drier climate. Studies of the paleoclimate
in the western US during the late Miocene and Pliocene often suggest a resemblance to
present day El Nifio climates, with increased precipitation in the southwestern US and
northern Mexico compared to non-El Nifio years (Molnar and Cane, 2007; Winnick et al.,
2013). Building on the work done by Molnar and Cane (2007) and Winnick et al. (2013),
this study addresses the potential for a more-arid climate in southwest North America by
analyzing sedimentary deposits formed during the latest Miocene and Pliocene. The Santa
Rosalia Basin (SRB) in Baja California Sur, Mexico (Fig. 1) has the potential to address
future climate predictions, as mining in the area offers excellent exposure of late Miocene
and Pliocene marine and fluvial outcrops. Yet, after nearly a century of on-going research
in this area, the paleoenvironments of marine and fluvial deposits are poorly understood

and the paleoclimate of this area is relatively unknown.
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Figure 1. Elevation map of the Santa Rosalia area and outcrop sites. Blue dots refer to the
outcrop sites where samples were collected. Yellow star marks the town of Santa Rosalia.
Inset of the Baja California peninsula and mainland Mexico with red box showing the area
of study.

Currently, there are very few stable isotope studies from the SRB and no published
studies using oxygen and carbon stable isotopes as a proxy to determine paleoclimate of
the late Miocene to Pleistocene SRB. The objectives of this study are to: (i) determine the
depositional environments of sedimentary deposits within the SRB using field descriptions,
petrography, and stable oxygen and carbon isotopes from macrofossils and bulk
carbonates; (ii) better understand the paleoclimate of Baja California during late Miocene
and Pliocene using stable carbon and oxygen isotopes from macrofossils and bulk
carbonates; (iii) better understand the evolution and potential source of freshwater in the

SRB from the late Miocene to Pleistocene. In this study, we identify late Miocene and
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Pliocene fluvial, spring, and freshwater-influenced shallow-marine deposits. Oxygen and
carbon isotopes suggest that the freshwater source diminished by the early Pleistocene, as
the climate transitioned to the modern arid regime. We hypothesize that a potential source
for freshwater into the basin is from a prolonged North American monsoon during the latest
Miocene and Pliocene when sea-surface temperatures (SSTs) in the Gulf of California were
several degrees warmer than today, in agreement with the permanent El Nifio like state
proposed by Molnar and Cane (2007). This finding is of particular importance for future
climate predictions of the southwestern US and northern Mexico as it counteracts the
prediction that as the global climate warms due to the anthropogenic input of greenhouse

gases southwest North America will be more arid than modern times (Seager et al., 2007).

2. Geologic Setting

2.1 Paleoclimate

Warming during the middle Miocene peaked around 17-15 Ma, a period commonly
referred to as the mid-Miocene climate optimum (Zachos et al., 2001). Since the
mid-Miocene climate optimum, the global climate has cooled resulting in a series of
transitions and climatic events during the late Miocene and Pliocene that include the
expansion of Antarctic and Arctic ice-sheets, increased aridity, diversification of Cs
vegetation, and an intensified North America monsoon (LaRiviere et al., 2012). Although
the global climate has cooled since the mid-Miocene climatic optimum, the late Miocene
and Pliocene were several degrees warmer than today. Knorr ef al. (2011) found that from
11-7 Ma, most of the late Miocene (11.6-5.3 Ma), mean global air temperatures were ~3 °C

warmer than today. Although absolute values of mean global air temperatures for the latest



Miocene (7-5.33 Ma) have been difficult to constrain, this period is generally regarded as
being warmer than today (Zachos et al., 2001; Knorr et al., 2011). Sea-surface temperatures
in the North Pacific during the late Miocene are estimated to have been 5-8 °C warmer than
today (LaRiviere et al., 2012). During the Pliocene, east equatorial Pacific SSTs were
3-5 °C warmer than today (Winnick et al., 2013). As a result of this warming, the western
US was wetter during the late Miocene-Pliocene, similar to modern El Nifio summers
(Molnar and Cane, 2007). The North American monsoon, a pattern of rainfall that occurs
in summer months in southwest North America, was a source of increased precipitation
during the late Miocene and Pliocene. Chaplin (2008) suggests that opening of the Gulf of
California during the Miocene played a dynamic role in intensifying the North American
monsoon, as it created a 1100-km-long conduit over very warm water, increasing advection
of water vapor. Opening of the Gulf of California during the late Miocene and warm water
temperatures during the late Miocene and Pliocene intensified the North American
monsoon, resulting in a wetter than modern climate in the southwestern US and Mexico

(Molnar and Cane, 2007; Chaplin, 2008; Winnick et al., 2013).

Terrestrial plants primarily use one of two photosynthetic pathways for carbon
uptake, the C3 pathway and the C4 pathway (Anderson and Arthur, 1983). As the climate
cooled and became drier in the late Miocene, there was a transition from C3z vegetation to
C4 vegetation. Because they require less water, C4 vegetation has an advantage over Cs3
vegetation in arid climates. Although the exact time of this transition is still debated, many
studies agree that the global expansion of Cs vegetation occurred between 8-4 Ma,
beginning earlier in the tropical regions before expanding into temperature regions at

higher latitudes (Chaplin, 2008; Bowman et al., 2017; Fox et al., 2018). The evolution of
4



terrestrial vegetation is recorded in terrestrial carbonates and fossils, with carbon isotope
values becoming more positive. The opposite is seen in marine records where late Miocene
marine records record a global decrease in the §'°C value of dissolved inorganic carbon
(DIC), which is thought to be due to the decrease in global biomass (Hodell ef al., 1994)
or from erosion of organic matter and shelf carbonate during a global sea-level drop
(Vincent et al., 1980). Hodell et al. (1994) suggests that from 7.8 to 6.2 Ma, the global

average 6'°C value of marine DIC decreased by 0.5%o.

2.2 Modern Climate

The modern climate of the Baja California peninsula is relatively arid, receiving on
average 15.3 cm of precipitation a year (Hastings and Turner, 1965). An 18-year
(1927-1945) study on precipitation in the Santa Rosalia area found that average
precipitation was 12.6 cm/yr., slightly less than the average for the peninsula as a whole
(Wilson and Rocha, 1955). Due to the aridity of the Santa Rosalia area, vegetation is
predominantly cacti and other desert plants that require minimal water (Wilson and Rocha,
1955). During El Nifio years, rainfall in the Baja California peninsula increases. During the
1977-1978 El Nino season, an additional 5 cm of precipitation was recorded on the
peninsula compared to the 1955-56, 1973-74, and 1988-89 El Nina years (Minnich et al.,
2000). Currently, northwestern Mexico (which includes Baja California) receives about
60% of its total annual rainfall between July-September, sourced from the North American
monsoon (Mitchell et al., 2002). North American monsoon rainfall in northwestern Mexico
occurs after SSTs in the Gulf of California reach 26 °C. In the central gulf (where the SRB

is located), SSTs fluctuate between 16-31 °C (Soto-Mardones et al., 1997), usually peaking



in August and reaching a minimum in January or February (Mitchell et al., 2002; Marinone,

2003).

2.3 Stratigraphy

The Santa Rosalia Basin is a fault bounded continental rift basin (Conly et al., 2005)
located along the eastern central coast of the Baja California peninsula. The SBR is
adjacent to the Gulf of California, an oblique rift basin that formed from continental rifting
between the Pacific and North America plates. During this rifting, which is estimated to
have started as early as 12 Ma, the Baja California peninsula was transferred from the North
American plate to the Pacific plate (Holt et al., 2000) with growth of strike-slip faults and
pull-apart basins during the late Miocene (Umhoefer, 2011). The SRB has a complex
history of sedimentation and faulting important for understanding the geologic evolution
of the Gulf of California, but the paleoenvironments of marine and fluvial deposits in this
area are poorly understood. The exposure and study of sedimentary deposits within the
Baja California peninsula provides opportunities to understand the tectonic and climatic

history of the peninsula.

Mining in the Santa Rosalia area began in 1885 and has continued intermittently
till present day, where it is currently home to the Minera Boleo mine. Due to the economic
importance of this area and the demand for copper in the United States, Wilson and Rocha
(1955) mapped the Santa Rosalia area in great detail as part of a collaborative initiative
between the US and Mexico. Many subsequent studies have followed, with current

published literature focusing on the volcanic rocks and the Boleo Fm., due to its economic



importance and because it provides the first evidence of marine incursion into the Santa

Rosalia area.

The SRB consists of four main sedimentary formations: the late Miocene Boleo
Fm., the early to middle Pliocene Tirabuzén Fm., the late Pliocene Infierno Fm., and the
Pleistocene Santa Rosalia Fm. A generalized stratigraphic column for the SRB is shown in
Figure 2. The sedimentary sequences in the SRB record a series of subsidence and seawater
incursions from the late Miocene to Pleistocene (Ochoa-Landin ef al., 2000). Although the
precise sedimentology of each formations varies, each has deposits of marine and
nonmarine origin and all are separated by an unconformity, recording several episodes of
marine incursion. During the late Miocene, the formation of a marine embayment (i.e., the
Gulf of California) and subsidence of the SRB led to the first evidence of marine incursion
(Boleo Fm). As subsidence and seawater incursions continued during the Pliocene, the
Tirabuzon and Infierno Fms. were deposited. This pattern continued into the Pleistocene

with the deposition of the Santa Rosalia Fm.

The lower-most sedimentary sequence, the late Miocene Boleo Fm., records the
first evidence of marine transgression into the area (Holt et al., 2000). Throughout the
basin, the Boleo Fm. unconformably overlies the Comondu Fm. The Comondu Fm.
consists of andesitic and basaltic flows, tuff, breccia, agglomerate, and tuffaceous
sandstone (Ochoa-Landin et al., 2000; Conly et al., 2005). Ages for the volcanic rocks of
the Comondu Fm. generally range from 24 Ma to 12 Ma (Sawlan and Smith, 1984),
although there are volcanic rocks as young as 8 Ma beneath the Boleo Fm. (Conly et al.,

2005).



The Boleo Fm. is the oldest and thickest sedimentary sequence in the basin,
consisting of a basal limestone overlain by five coarsening-upward progradational
fan-delta cycles (Conly ef al., 2005), that formed as alluvial systems responded to basin
subsidence (Ochoa-Landin et al., 2000). The Boleo Fm. reaches a maximum thickness of
350 m (Ochoa-Landin et al., 2000) but generally ranges from 50 to 250 m (Wilson and
Rocha, 1955) with the basal limestone only accounting for 1 to 6 m (Miranda-Alviles et
al., 2005). The facies within the Boleo Fm. are complex and interpretation of depositional
environment can vary depending on location or section of study but with a general
consensus that the Boleo Fm. contains both marine and nonmarine deposits that include,
but are not limited to, gypsum, marine and nonmarine limestones, siltstones, tuffaceous
sandstones, fossiliferous sandstones, and marine and non-marine conglomerates (Wilson
and Rocha, 1955; Holt et al., 2000; Ochoa-Landin et al., 2000; Conly et al., 2005;

Miranda-Alviles ef al., 2005).

Whole-rock “°K-*°Ar dating of an ignimbrite, which uncomformably underlies the
basal limestone of the Boleo Fm. at the El Morro site (Fig. 1), had minimum ages of 8.0
and 7.9 Ma (Conly et al., 2005). Overlying the basal limestone is a series of siliciclastic
fan-delta cycles. The fan-delta cycles of the Boleo Fm. are estimated to have been deposited
between 7.1-6.2 Ma based on plagioclase “°Ar/*’Ar dating of a tephra unit within the
sequence and paleomagnetism data (Holt et al., 2000). Based on these ages, the basal
limestone of the Boleo Fm. is estimated to have been deposited between 8.0 and 7.1 Ma.
Within the clastic units of the Boleo Fm. are a series of stratiform ore beds, referred to as

mantos, containing large reservoirs of Cu, Co, Zn and Mn oxides (Conly et al., 2011).



Mantos are numbered top-down, with manto 4 located near the base of the Boleo formation

(Fig. 2).
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reader is referred to Conly ef al. (2005) and Sawlan and Smith (1984). Figure is not to
scale. Modified from Conly et al. (2005).



The Tirabuzon Fm., previously referred to as the Gloria Fm. (Wilson and Rocha,
1955), uncomformably overlies the Boleo Fm. The Tirabuzén Fm. predominately consists
of marine sandstones and carbonates atop a basal conglomerate and an overlying
conglomerate, which grades into nonmarine facies inland (Wilson and Rocha, 1955; Conly
et al., 2005). Based on biostratigraphy, deposition of the Tirabuzon Fm. is thought to have
occurred during the early to middle Pliocene (Wilson and Rocha, 1955; Ortlieb and
Colletta, 1984). The Tirabuzén Fm. reaches a maximum thickness of 185 m, average closer
to 60 m, and is widely exposed throughout the basin (Wilson and Rocha, 1955). Based on
foraminifera assemblages and ichnology, paleo-water depth estimates for the marine units
of the Tirabuzon Fm. range from 55-90 m (Wilson, 1985) to 200-500 m (Carreno, 1982;
Shroat-Lewis, 2007) although it is has been suggested that most of the Tirabuzon Fm. was
deposited in less than 200 m of water (Shroat-Lewis, 2007). The overlying nonmarine
conglomerate was deposited as sea level fell and there was a seaward migration of the

shoreline (Wilson and Rocha, 1955).

The Infierno Fm., which unconformably overlies the Tirabuzén Fm., consists of
fossiliferous marine sandstones with an overlying conglomerate unit, which depending on
the location is of marine or nonmarine origin. Towards the gulf, the conglomerate is of
marine origin and further inland the marine sandstone wedges out into nonmarine
conglomerate. Thickness of the Infierno Fm. ranges from 5-90 m with an average of about
55 m (Wilson and Rocha, 1955). Fossils within the marine sandstones establish an age of
late Pliocene (Wilson and Rocha, 1955) but deposition of the Infierno Fm. could have also
occurred during the early Pleistocene (Ortlieb and Colletta, 1984). The Infierno Fm. was

probably deposited over much of the region but has since been eroded (Wilson and Rocha,
10



1955). Similar to the nonmarine conglomerate of the Tirabuzén Fm., the overlying
conglomerate of the Infierno Fm. suggests a seaward migration of the shoreline at the time

of deposition (Wilson and Rocha, 1955).

Overlying the Infierno Fm, separated by an unconformity, is the Pleistocene Santa
Rosalia Fm. Ortlieb and Colletta (1984) regard the Santa Rosalia Fm. as being
approximately 1 Ma in age. The Santa Rosalia Fm. consists of thin, marine, and
fossiliferous sandstones and conglomerates (Wilson and Rocha, 1955) that grades into
loosely consolidated nonmarine clastic sediments (Carreno and Smith, 2007). The Santa
Rosalia Fm. is not widely exposed in the SRB due to recent erosion (Wilson and Rocha,
1955) or is covered by Quaternary colluvium (Ortlieb and Colletta, 1984) and is the
thinnest of all the sedimentary formations, having a thickness of 5-15 m (Wilson and
Rocha, 1955). Less detail is known about the origin of the marine and nonmarine deposits
of the Santa Rosalia Fm., likely due to how thin it is, and lack of exposure compared to the

other formations.

The field sites in this study are all within the SRB. Two of the five sites of study,
Mesa Soledad and Mine 3135, were located within the Minera Boleo mine with a third,
Arroyo Infierno, located outside the mine but was still actively being mined for limestone.
The remaining two were located along the gulf coast. The location of all field sites is shown

in Figure 1.
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3. Biomineralization and Stable Isotopes of Marine Invertebrates

Organisms take naturally occurring elements from the environment and turn them
into the complex minerals that make up their shells or exoskeletons, a process called
biomineralization (Swift, 2010). The process of biomineralization is often complicated
(Gillikin, 2005), but a basic understanding for the organisms used in this study are

presented that guided sampling and interpretation of mineralogy and stable isotopic data.

3.1 Bivalves

Aquatic bivalves, a class belonging to the phylum Mollusca, are found in a variety
of fresh, brackish, and marine environments, shallow to deep seas, and between the poles
to the equator (Immenhauser et al., 2016). Aquatic bivalves are composed of a mantle and
shell, subdivided into an inner and outer shell. Biomineralization takes place as ions from
surrounding water enter the extrapallial fluid (EPF), a liquid between the shell and mantle,
via the gills or gut of the bivalve. Calcification occurs as shell layers precipitate from the
EPF (Gillikin, 2005). Shell layers of a bivalve can differ with respect to their CaCO3
polymorphs. Shell layers can consist of calcite, aragonite, and less commonly, vaterite
(Immenhauser et al., 2016). Oysters and pectens, the bivalves used in this study, are usually
composed of calcite for the both the inner and outer shell (Immenhauser et al., 2016) or
aragonite for the inner shell and calcite for the outer shell (Gillikin, 2005). Knowing the
suspected polymorph of CaCOs in the shell is important when collecting stable isotope
data, as aragonite and calcite fractionate oxygen isotopes differently (Anderson and Arthur,
1983) and differ in respect to diagenetic potential (Sharp, 2017). For this study, the calcite

outer shell of bivalves was processed for stable isotopes.

12



3.2 Barnacles

Barnacles are sessile crustaceans belonging to the phylum Arthropoda and are
found attached to hard substrates in marine environments. Barnacles biomineralize their
exoskeleton by precipitating calcite with mantle epithelial cells which are in close contact
with the inner shell surface (Burgess et al., 2010). The mantle epithelial cells supply HCO3"
and Ca®' ions necessary for the precipitation of calcite (Rodriguez-Navarro et al., 2006).
As barnacles grow, they molt their exoskeleton but unlike other crustaceans they do not
shed their entire shell and instead build a series of thick plates that surround the animal
(Rodriguez-Navarro et al., 2006). Unlike bivalves, which may be composed of many
CaCOs polymorphs, barnacles generally secrete low-Mg calcite (Ullman et al., 2018). For

this study, the low-Mg calcite exoskeleton was used for stable isotope analysis.

4. Methods

4.1 Field Work

The Boleo Fm. was identified at three sites: El Morro, Arroyo Infierno and Mine
3135. At Santa Agueda, the Tirabuzén Fm. was identified and at Mesa Soledad the
Tirabuzoén, Infierno and Santa Rosalia Fms. were identified. Location of outcrops were
recorded using GPS and sections were measured from four sites: Mesa Soledad, Santa
Agueda, El Morro, and Arroyo Infierno (Fig 2). At Mesa Soledad two sections were
measured, the remainder have only one measured section. No section was measured at
Mine 3135 but detailed notes, along with photos aided in making a representative
stratigraphic column post-field work. Field descriptions focused on logging lithology,

ichnology, fossils, and sedimentary structures. Macrofossil and bulk carbonate samples

13



were collected in situ from outcrops for petrographic, mineralogical, and stable isotope

analysis.

4.2 Petrography

Thin sections of bulk carbonate samples were prepared from the El Morro site as
original fossil material preserved at this site was sparse. Thin sections were prepared by
National Petrographic Service Inc. Petrographic analysis was completed using a Nikon
Eclipse LV100POL petrographic microscope to screen for diagenesis and to determine
which samples had the highest calcite content. After screening, samples were processed for
stable isotopes and X-ray diffraction (XRD). Scholle and Ulmer-Scholle (2003) was used

to identify the types of microfossils present in thin sections.

4.3 Fossil Identification

Wilson and Rocha (1955) published common invertebrate fossils observed in the
formations of the SRB. Using Wilson and Rocha (1955) as a guide, mollusk samples were
compared to Moore (1984) and Moore (1987) for identification. Identification of mollusk
samples was based on physical descriptions, geographic distribution, and comparisons of
photographs in published literature. Barnacle samples were compared to descriptions

published by Pérez-Losada (2014) and Newman and Ross (1976) for identification.

4.4 X-ray Diffraction

Samples were powdered to be processed for XRD. Macrofossils were powdered
using a Dremel drill with a diamond point drill bit attached. Bulk samples were powdered

using a mortar and pestle. Powdered samples were placed onto a glass slide containing a
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25.4 x 25.4 x 1 mm cavity then placed into the Rigaku Smartlab X-Ray Diffractometer
equipped with SmartLab Guidance software at the University of Houston. Once analyzed,
the identified peaks were compared with the Minerology Database

(http://www.webmineral.com) to determine mineralogy.

4.5 Stable Isotopes

Macrofossils were micro-drilled for powder using a drill attached to a binocscope
and bulk samples were powdered using a mortar and pestle. Contamination procedures
included removing any sedimentary material attached to the sample, removing a thin layer
of carbonate material from shells, spraying with methanol and using compressed air to dry
the samples before processing for powder. Powder sample amounts ranged from
60-100 ug. Powdered samples were placed into individual vials before being vacuum
roasted at 200 °C to remove volatiles. After roasting and cooling, samples were placed into
glass vials and into a carousel. The carousel with samples were loaded into a Thermo
Scientific Kiel IV Carbonate Device interfaced to the inlet of a Thermo Finnigan MAT 253
dual inlet mass spectrometer. Briefly, atmospheric gases were removed, samples reacted
with three drops of 100% H3PO4 at 70 °C, resulting CO; was cryogenically separated and
transferred to MAT 253 for analysis. §!°C and §'%0 isotope data are reported relative to
Vienna PeeDee Belemnite (VPDB) and expressed as standard per mille (%o). Precision was
monitored through daily analysis and is reported as better than 0.10%o for §'°C and §'%0.

Stable isotope analysis was completed at the University of Kansas.
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5. Results

5.1 Field Descriptions

The Mesa Soledad site included 66 m of measured section from two adjacent sites,
referred to the north and south site (Fig. 3). The south site included 31 m of measured
section from the Tirabuzon and Santa Rosalia Fms. The Tirabuzon Fm. at the south site
consisted of a sandstone containing pectens, oysters, other unidentified bivalve fragments
and molds, Echinoidea body fossils and thin pebble beds. Above the sandstone sits a
conglomerate, which was not sampled for this project. Oyster and pecten samples (17-10-
01) were collected from the sandstone for stable isotope analysis. Above the Tirabuzon
Fm., separated by a disconformity, sits the Santa Rosalia Fm. which contains a lower
pebble-rich calcareous sandstone containing bivalves and gastropod molds and an upper

calcareous sandstone.

The Mesa Soledad north site included 35 m of measured section from the
Tirabuzon, Infierno, and Santa Rosalia Fms. The Tirabuzon Fm. consisted of a thick
conglomerate, an overlying fine- to medium-grained sandstone topped by a conglomerate
cut into by a calcareous sandstone of the Infierno Fm. Above the Infierno Fm. calcareous
sandstone sits a predominately medium-grained sandstone containing pectens, gastropods,
and shell fragments with inner beds of pebbly conglomerate. The upper-most deposit of
the Infierno Fm. is a massive conglomerate. A pecten and barnacle sample (17-10-07) was
collected from the Infierno Fm. medium-grained sandstone. The Santa Rosalia Fm. which
sits disconformably above the Infierno Fm. consisted of, in ascending stratigraphic order,

a lower calcareous sandstone, a breccia, and a coarse-grained sandstone. Samples collected
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from the Santa Rosalia Fm. included a pecten, oyster and barnacle (17-11-10) from the

coarse-grained sandstone and a pecten (17-11-15) from the calcareous sandstone.

The Santa Agueda site included 34 m of measured section from the Tirabuzén Fm.,
divided into 16 units (Fig. 3). The lowest unit was a calcareous conglomerate with no
fossils present. The next 14 units were calcareous sandstones containing bivalves with
changes in grain size marking new units. A pecten (BA17-2) and oyster (BA16-1) sample
was collected from a lower calcareous sandstone (unit 3). Above the calcareous sandstone
units sits a calcareous conglomerate containing bivalves and barnacles. A pecten, oyster

and barnacle (16-18-14) was collected from the upper calcareous conglomerate.

No section was measured at Mine 3135 but detailed notes along with field photos
were taken to document the sedimentology and stratigraphic height of sample collection.
A stratigraphic column, made post-field work from notes and photos, documents the three
units at Mine 3135 and is shown in Figure 3. All units are from Boleo Fm. above manto 4
(refer to Fig. 2 for generalized stratigraphy of SRB). The lowest unit was a fossiliferous
sandstone containing many broken and whole mollusks. Stratigraphically above the
fossiliferous sandstone was a conglomerate topped by another fossiliferous sandstone
containing many broken and whole mollusks, similar to the lower fossiliferous sandstone.
Two mollusk samples, a pecten and oyster fragments (BA17-1B), were collected from the

lower fossiliferous sandstone.

The El Morro site included 15 m of measured section divided into 7 units all within
the Boleo Fm (Fig. 3). The lower two units consisted of conglomerate followed by five

units of limestone and siliciclastic deposits. The unit above the conglomerate base
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consisted of limestone with thin interbeds of fossil hash. Above this limestone was a sandy
limestone filled with broken fossil fragments. Six bulk carbonate samples were collected
from the limestone units: three from the lower limestone (BA12-1, BA12-3B & BA14-1)
and three from the sandy limestone directly above (BA12-4, BA12-5, & BA14-2). Atop
the sandy limestone was a sandstone containing a few interbeds of fossil hash and bivalve
molds, followed by two sandstones no longer containing fossil fragments or molds with a
change in grain size separating the two. No samples were collected for further analysis

from the siliciclastic units.

At Arroyo Infierno 7 m of section was measured all within the Boleo Fm (Fig. 3).
and subdivided into 6 units. The units, listed in stratigraphic order, consisted of a breccia,
a pebbly sandstone, a pebbly siltstone containing pumice fragments, a packed grainstone,
a coarse-grained packstone with many bivalve fragments and molds, and laminated calcite
and siltstone rhythmites. A barnacle sample (BA18-4) was collected from the pebbly
sandstone and bivalve shells (BA18-2) were collected from the coarse-grained packstone.
Complete, intact fossils at this site were sparse, the two samples collected were the only

intact specimens seen in the field.
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Figure 3. Stratigraphic columns from all sites. Labels indicate sample names and location
of collection. Colors to the left of the columns denote the formation.
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5.2 Petrography

Thin sections revealed both micritic and sparry calcite textures. Although species
of foraminifera were not identified, trochoid and milioloid test morphologies of
foraminifera are visible in thin section (Fig. 4B, C and E). Complete ostracods and
disarticulated ostracods valves were seen in one sample (Fig. 4C), as well as coated grains

in another (Fig. 4B).
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Figure 4. Thin section images from El Morro bulk samples. A) subequal spar and micrite
(XPL) B) biomicrite with coated grains (PPL) C) ostracod-rich biomicrite with ~20%
sparry calcite grains (XPL) D) Predominately micrite with <10% sparry calcite grains
(XPL) E) biomicrite F) predominately micrite with <10% sparry calcite grains.
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5.3 Fossil Identification

Due to poor preservation, only the most complete samples were determined down
to the species level and most were identified to a suborder or family. For simplicity in
referring to fossil specimens, fossils are subdivided into three categories based on common
names: oysters (n=5), pectens (n=7) and barnacles (n=4). All barnacle samples were sessile
barnacles and three were identified as belonging to the suborder Balanomorpha (Fig. SA
and B). Only one oyster sample was identified down to the species level and the remainder
to a common name of oyster. Many oyster samples were missing key body parts needed
for identification or were just fragments of oyster shells. The single oyster identified is
shown in Figure 5D and was identified as Ostreola megodon. Pecten samples were all
identified as belonging to the Family Pectinidea with three identified to the species level

(Fig. 5C, E and F).

Figure 5. Representative macrofossil samples collected from outcrop. A) Balanomorpha
encrusted on Pectinidea from the Tirabuzén Fm. at Santa Agueda. B) Balanomorpha
encrusted on Pectinidea from the Infierno Fm. at Mesa Soledad. C) Argopecten invalidus
collected at Mine 3135 D) Ostreola megodon collected from the Tirabuzén Fm. at Mesa
Soledad E) Argopecten abietis abietis collected from the Santa Rosalia Fm. at Mesa
Soledad F) Leopecten bakeri collected from the Tirabuzén Fm. at Santa Agueda.
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5.4 X-ray Diffraction

Of the 17 fossil samples collected, 15 were processed for mineral identification
using XRD. The two samples not analyzed were too small to obtain enough material for
XRD without risking contamination. XRD analyses of powdered fossil samples indicated
all fossils are low-Mg calcite (Fig. 6A, B and D). Powdered bulk samples are strictly
low-Mg calcite, except for two samples. One of the two bulk samples, BA12-3B, included
minor amounts of quartz (Fig. 6C) and the other, BA14-1, had a mix of dolomite and

low-Mg calcite (Fig. 6C).
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Figure 6. XRD data from samples organized by sample type. A) XRD patterns from calcite
barnacle shells. B) XRD patterns from pectens and an unidentified bivalve, all displaying
calcite patterns. C) XRD patterns from bulk carbonate samples collected at EI Morro, with
all samples showing calcite patterns. Sample BA12-3B pattern showing the presence of
quartz and sample BA14-1 showing dolomite. D) XRD patterns from calcite oyster shells.
Sample BA16-1 was sampled from two locations on the specimen, the location of layer A
& B is shown in Figure 7.
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5.5 Stable Isotopes

Macrofossil §'®0 and §'°C analysis consisted of barnacles (n=4), oysters (n=5),
pectens (n=7), and an unknown bivalve (n=1). §'®0 and §'3C data for all samples are
available in Appendix 1. A single oyster sample was processed across multiple layers
(Fig. 7) with average '30 and §'>C values of -4.9%o and -0.8%o, respectively. Henceforth,
this sample will only be interpreted based on the averaged 5'%0 and 8'*C values. All other
macrofossil samples were only analyzed from one location on the specimen. Comparisons
were made to observe the relationship between the §'®0 and §'°C values of fossils
identified to the species level versus those identified to a common name, family, or
suborder. No clear trends were observed between the §'30 and §'*C values based on fossil

identification.

Figure 7. Oyster sample (BA16-1) collected from the Tirabuzon Fm. at Santa Agueda.
Labels mark the different areas of the sample that was micro-drilled for stable isotope and
XRD analysis.
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Table 1. Average 8'%0 and §'3C data by formation

5 180 (%VPDB) & *C (%0 VPDB)

Site Formation
average average
Mesa Soledad Santa Rosalia -14 -0.7 4
Infierno -6.2 -6.9 2
Tirabuzén -7.6 -7.8 2
Santa Agueda Tirabuzén upper -41 -1.7 3
Tirabuzoén lower -2.2 0.0 2
Arroyo Infierno Basal Boleo -9.9 -7.5 2
Mine 3135 Boleo (above manto 4) -4.4 -1.4 2
El Morro Basal Boleo -9.1 2.7 6

Averages for §'0 and §'°C stable isotope data by site and formation are shown in
Table 1. Due to spatial variability, as many sites are several km apart, overall trends for all
samples from the same formation are difficult to interpret. Instead interpretation is focused
based on site of study and the formation(s) at a given site. Cross-plots of §'%0 and §'*C
data are shown by site of sample collection in Figure 8. Nearly all samples have negative
0 and "*C values (Figs. 8A-E) and averages of §'*0 and §'3C for all formations are
negative (Table 1). When §'0 and 8'*C values are averaged by formation, the values are
not similar at other sites. This is best shown by comparing Boleo Fm. samples collected at
different sites (Figs. 8A, C and E). §'%0 values from El Morro and Arroyo Infierno are
~5%o lower than Mine 3135 and average 8'°C values from Arroyo Infierno are 6.1%o to
4.8%o lower than Boleo Fm. samples at El Morro and Mine 3135. §'%0 and §'3C values at
Mesa Soledad are 0.5%o to 9.3%o higher up section (Fig 8B), with averages from the
Tirabuzon Fm. (lowest unit) and Santa Rosalia Fm. (highest unit) having differences of

6.2%0 and 7.1%o for 630 and 8'3C values.
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Figure 8. Cross-plots of §'%0 and §'°C data for all samples displayed by site of sample
collection. A) §'%0 and §'°C data from mollusk samples collected at Mine 3135. B) §'%0
and 8'3C data from pecten, oyster and barnacle samples collected at Mesa Soledad. C) §'%0
and 8'3C data from a bivalve and barnacle sample collected at Arroyo Infierno. D) §'*0
and §'3C data from pecten, oyster and barnacle samples collected at Santa Agueda. E) El
Morro bulk carbonate §'%0 and §'3C data.
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Boleo Fm. samples at El Morro have a consistent range of &'%0 values
between -10.0%o to -8.5%o and a larger range of §'°C values from -4.3%o to -0.5%o
(Fig. 8E). Boleo Fm. samples at Arroyo Infierno have lower values in both §'%0 and §'°C
with averages of -9.9%o and -7.5%o, respectively. Boleo Fm. samples collected from Mine
3135, stratigraphically above Boleo Fm. samples collected at El Morro and Arroyo
Infierno, also have negative §'®0 and §'°C values with averages of -4.4%o and -1.4%o,
respectively. Although all Boleo Fm. samples have negative §'%0 values, §!%0 values from
samples collected at Mine 3135 are not nearly as low as El Morro and Arroyo Infierno

samples.

The Tirabuzon Fm. at Santa Agueda is subdivided into a lower and upper section
for isotopic interpretation. This division is not documented in previous literature but is done
because of the drastic lithologic changes and stratigraphic height from where samples were
collected. Lower section samples were collected from a calcareous sandstone between
5-6.5 m, whereas upper section samples were collected from a calcareous conglomerate at
33 m (Fig. 3). Lower section §'%0 and 8'°C values have averages of -2.2%o and 0.0%o and

upper section values average -4.1%o and -1.7%o, respectively.

Mesa Soledad is the only site to have §'%0 and §'°C signatures from multiple
formations: the Tirabuzon, Inferno and Santa Rosalia. The lower two formations, the
Tirabuzoén and Infierno, have isotopically lower signals compared to the upper most
formation, the Santa Rosalia. The Tirabuzon Fm. has average §'%0 and §'°C values

of -7.6%o and -7.8%o, respectively. The Inferno Fm. has average §'®0 and §'°C values
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of -6.2%o and -6.9%o, respectively. The Santa Rosalia Fm. has average §'30 and §'°C values

of -1.4%o and -0.7%o, respectively.

6. Discussion

6.1 Effects of Vital Effects and Diageneses on Stable Isotopes

Fossil sample isotopic signatures are interpreted without the influence of diagenesis
greatly altering the original §'30 and §'°C values. All fossil samples displayed low-Mg
calcite (Fig 6, A, B, & D) which was the expected mineral for the location of micro-drilling
on fossil samples. Low-Mg calcite has a lower diagenetic potential compared to aragonite
and high-Mg calcite, and therefore, organisms that secrete low-Mg tend to reflect original
5'%0 and §'*C values (Sharp, 2017). Organisms may secrete their carbonate shells out of
oxygen or carbon isotope equilibrium with surrounding waters, a process called the vital
effect. Vital effects and resulting disequilibrium values for biogenic carbonate can be due
to metabolic processes of the organism (Sharp, 2017). Metabolic processes can affect the
3C/'2C ratio in biogenic carbonates as the process of calcification can involve carbon from
both sounding water DIC and metabolic DIC. Metabolic DIC is composed of respiratory
CO> which is depleted in respect to '3C and can become a component of the internal carbon

pool of body fluids used for calcification for some organisms (Gillikin, 2005).

Three out the 4 barnacle samples collected in this study were attached to mollusks.
Of those 3, all showed 8'%0 values 2.1%o to 4.8%o lower and 8'3C values 1.6%o to 3.0%o
lower compared to the mollusks they were encrusted onto (Fig. 9). Killingley and Newman
(1982) found that sessile barnacles tend to be enriched in §'%0 by ~1.3%0 compared to
mollusks. Some studies counteract the work done by Killingley and Newman (1982) and
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found that barnacles form in close isotopic equilibrium with ambient water (Brand et al.,
1987; Schone et al., 2006; Burgess et al., 2010) whereas others do not account for this
apparent enrichment for interpretation (Crossey et al., 2015; Bright et al., 2018). Applying
the 1.3%o 8'30 enrichment to the barnacles in this study caused a greater offset compared
with the §'*0 values from the mollusks they were encrusted onto. Because of this greater
offset and the disagreement from previous studies on §!%0 enrichment, all barnacle data is

interpreted without the 1.3%o correction.
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Figure 9. 5'30 and §'°C data for barnacles and the mollusks they were encrusted onto from
the Mesa Soledad and Santa Agueda sites. All barnacle samples show lower §'0 and §'*C
values compared to the mollusks they were encrusted onto.
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Aquatic invertebrates usually record the §'*C value of DIC and therefore are
representative of the environment (Keith et al., 1964; Fritz and Poplawski, 1974;
McConnaughey et al., 1997). For aquatic mollusks, it is generally accepted that they record
oxygen isotope values in equilibrium with ambient water. Studies have shown that the §'°C
value in aquatic mollusks is mostly reflective of ambient DIC (Fritz and Poplawski, 1974;
McConnaughey and Gillikin, 2008) and when they are not, the deviations are on the order
of -2%o or less (McConnaughey ef al., 1997; Owen et al., 2002). Keith et al. (1964) found
that environment was more important than species-specific vital effects in mollusks. Fritz
and Poplawski (1974) found that vital effects and food have a minimal influence on the

813C value in skeletal mollusks.

Current literature on oxygen and carbon isotopes from barnacles are not nearly as
robust as mollusks, with many studies concentrating on oxygen isotopes over carbon
isotopes (Burgess et al., 2010; Detjen et al., 2015; Pearson et al., 2019). Studies on carbon
isotope values in acorn barnacles found that they record values in close equilibrium with
ambient DIC (Ullmann et al., 2018; Brand et al., 1987). Although studies have suggested
that metabolic effects (McConnaughey, 2003; Tanaka et al., 1986), food source (Tanaka et
al., 1986; Architiv et al., 1997), or elevation within a living range (Craven et al., 2008) can
affect carbon isotope values in barnacles. The amount that these factors affect §'°C values
in barnacle skeletal carbonate is not well constrained. McConnaughey (2003) argues that
metabolic processes contribute very little (>2%o) to the 8'*C value in skeletal carbon.
McConnaughey and Gillikin (2008) supports this and claims that skeletal carbonate can be

used as a proxy for salinity as freshwater DIC is often isotopically lower than marine DIC,

31



which would be recorded in the 8'3C value of skeletal carbonate. Furthermore, Brand e al.
(1987) found that the §'0 and §'3C values of marine barnacle and mollusk shells were in

equilibrium with ambient water.

Bulk carbonate samples in this study showed both micrite and sparry calcite in thin
section (Fig. 4), potentially reflective of some amount of alteration. For marine limestones
sparry calcite is usually reflective of alteration or diagenesis but for freshwater limestones
the presence of microspar and sparry calcite is not always diagnostic of diagenesis
(Andrews, 2006). Because oxygen is a major component of water whereas carbon is merely
a trace component, §'°C values in carbonates are less sensitive to diagenetic overprint
compared to 8'®0, and it is generally accepted that §'°C records paleoenvironment
conditions at the time of deposition, not of diagenetic conditions (Huck et al., 2017; Sharp,
2017). Stable isotopes resulting from neomorphism of original freshwater limestone can
be harder to discern than neomorphism of marine limestones, as waters that deposited the
original freshwater limestone will be similar to waters involved in neomorphism (Andrews,
2006). Due to the vulnerability of oxygen isotopes to re-equilibrate with diagenetic fluids
caution is advised when interpreting 8'%0 values from bulk carbonates (Andrews, 2006;

Sharp, 2017).

El Morro Boleo Fm. bulk carbonate samples have a narrow range of §'30 values
(-10%o to -8.5%o), a somewhat larger range of §'3C values (-4.3%o to -0.5%o) and collected
samples span 4 m of section. The consistency of §'%0 values even though samples were
collected from several meters of section could be the result of a diagenetic fluid altering

the original calcite (Turi, 1986). A previous study on the depositional environments of
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deposits at EI Morro suggests that tufa deposits located close to the ones in this study were
affected by early diagenesis of hydrothermal fluids (Miranda-Alviles et al., 2005). Many
studies have shown that a high covariance between §'%0 and §'3C values is evidence of
hydrothermal or post-depositional diagenesis (Zheng and Hoefs, 1993; Mitchell et al.,
1997; Buonocunto et al., 2002; Hossain et al., 2013), but the bulk samples in this study
have a low covariance between §'%0 and §'3C values (r* = 0.002). A trend toward more
positive values up section could be evidence for early influence by geothermal fluids
(Johnson et al., 2009), but oxygen and carbon isotopes from El Morro samples do not

become more positive up section.

Dolomite found in sample BA14-1 (Fig. 6C) could suggest brackish water
conditions at the time of deposition or evidence of diagenesis (Longman, 1981). Modern
dolomite is frequently found as a replacement product, often replacing original aragonite
or high-Mg calcite (Scholle and Ulmer-Scholle, 2003). Out of the six EI Morro samples,
only one showed an XRD pattern representing dolomite (Fig. 6C) and no dolomite crystals
were observed in thin section. A previous study on stable isotopes of the Boleo Fm.
limestone provides evidence that Boleo Fm. limestones formed in brackish water
conditions (Conly et al., 2006). Although primary precipitation of dolomite is rare in
modern times, because of the lack of dolomite replacement seen in thin section, the
infrequency of dolomite in XRD analysis, and the previous work suggesting brackish
conditions, the dolomite found in sample BA14-1 is interpreted as original and not a

product of diagenesis.
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6.2 Paleoenvironmental Interpretations

6.2.1 El Morro

Boleo Fm. deposits at El Morro were previously identified as travertines and
stromatolites with tufa facies identified at a location further south from where the samples
in this study were collected (Miranda-Alviles et al., 2005). Ford and Pedley (1996) define
tufa as “the product of calcium carbonate precipitation under a cool water (ambient
temperature) regime and typically contains the remains of micro- and macrophytes,
invertebrates and bacteria” and travertines as “restricted to all “freshwater” thermal and
hydrothermal calcium carbonate deposits dominated by physico-chemical and microbial
precipitates, which invariably lack in situ macrophyte and animal remains.” Other authors
offer simpler definitions such that travertines are freshwater carbonates formed from spring
deposits due to inorganic or organic processes (Chafetz and Folk, 1982) or that tufas are
freshwater carbonates with dominantly low-Mg calcium carbonate formed through
biomediation and/or physico-chemical processes under ambient temperature conditions
(Pedley et al., 2003). Many others provide a definition for how to classify deposits as tufa
or travertine based on water temperature, depositional settings, microorganisms,
minerology, or hardness (Jones and Renaut, 2010). Although there is great debate on how
to define a deposit as tufa or travertine, for interpretation of El Morro deposits, the Ford

and Pedley (1996) definitions will be followed.

The combined data collected (i.e., stable isotopes, thin sections, XRD) from El
Morro bulk carbonates suggest that these deposits are more likely to be considered tufas

that were formed when ambient spring waters mixed with shallow marine waters as
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opposed to travertines formed from thermal or hydrothermal waters. El Morro samples
have average 8'%0 and §'°C values of -9.1%o and -2.7%o, respectively. These values agree
with §'0 and §'°C values for Quaternary freshwater limestones (Fig 10A). The §'30 values
from El Morro fall in the general range of §'30 values for calcareous tufa (-12%o to -3%o)
(Gandin and Capezzuoli, 2008). 380 and §'°C values from Jurassic tufa mounds in
northern Arizona and southern Utah had average values of -7.0%0 and -3.3%o, similar
values to the ones in this study (Parrish et al., 2018). Although the reliability of using §'*0
values to discuss paleoenvironment in deep time may be questionable due to diagenetic
overprinting, §'3C values suggest some amount of freshwater influence and agree with §'°C
values reported from tufa deposits in Baringo, Kenya (-4.6%o to 0.2%o; Johnson et al.,
2009), Lake Victoria, Kenya (-5%o to -1%o; Aringo and Kisaaka sites; Beverly ef al., 2015)

and in the Olduvai Basin, Tanzania (-3.7%o to 0.4%o; Upper Bed II; Ashley et al., 2014).

The mean annual temperature in the Santa Rosalia area is 25 °C (Wilson and Rocha,
1955) and precipitation has a mean annual §'%0 value of -5.0% SMOW (8'*0pmw) (Bowen,
2010). To estimate the value of §'*O for calcite (5'%0) precipitated under modern

conditions the Kim and O’Neil (1997) equation was applied:
1000 In a(cqicite-n,0) = 18.0(10°T~1) - 32.42 (1)

where T is in kelvins and o is the fractionation factor between two substances, in this case
the precipitating calcite and water. Under modern conditions, tufa deposits would have
5180, values around -7.3%o, only 1.8%o lower than the average for the El Morro tufa. For
deposits at El Morro to be precipitated from strictly meteoric water in modern times (-5%o

SMOW), they would have to have formed in an average temperature of 34 °C, 9 °C warmer
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than the modern annual mean. However, it is not uncommon for temperatures in Santa
Rosalia to reach 35 °C or more during the summer (Wilson and Rocha, 1955). Although
the temperature for this area during the late Miocene is unknown, it is known that the global
climate during the late Miocene was warmer than modern times and SSTs in the north
Pacific were 5-8 °C warmer (LaRiviere ef al., 2012). An average temperature of 34 °C in
the late Miocene may seem a bit high but not improbable. If this carbonate formed in purely
marine waters (0% SMOW), El Morro deposits would have formed in average
temperatures of 63 °C, ~30 °C warmer than the modern average maximum temperature for
this area and outside of the realm of possibility for this area even during the late Miocene

when SSTs were 5-8 °C warmer.

The presence of ostracods and foraminifera visible in thin section (Fig. 4B, C and
E) suggests marine influence at the time of deposition. Although ostracods can be found in
a variety of aquatic environments, foraminifera are almost always found in marine to
marginal marine environments (Scholle and Ulmer-Scholle, 2003) with very few species
found in freshwater environments (Siemensma et al., 2017). A hydrothermal origin of these
deposits, thereby defining them as travertines, is unlikely as the upper temperature limits
for living conditions of ostracods is 50°C and protozoa (of which foraminifera belong to)
is around 60 °C (Jones and Renaut, 2010) and the majority of §'3C values are lower than

the typical range for travertines, -2%o to 8%o, respectively (Gandin and Capezzuoli, 2008).

The combined stable isotope, thin section and XRD data from El Morro samples all
leads to the conclusion that El Morro deposits were influenced by both ambient spring and

shallow-marine waters. Following the definitions presenting by Ford and Pedley (1996),
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El Morro deposits are more likely to be considered tufas, as oppose to travertines, as the
presence of ostracods and foraminifera rules out that these deposits were formed from
hydrothermal waters. El Morro tufa deposits likely formed as ambient spring water entered

shallow-marine waters in an estuary setting.
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Figure 10. Cross-plots of §'30 and §'3C values from samples in this study compared to the
general distribution of §'0 and §'3C data in Quaternary carbonates (modified from Boggs,
2009). A) Average §'30 and §'°C data for samples collected within a formation at a given
site. B) 8'%0 and 8'C values from all samples shown by site and formation.
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6.2.2 Arroyo Infierno

Previous studies on the Boleo Fm. limestone denote it as a marine limestone
(Wilson and Rocha, 1955; Ochoa-Landin et al., 2000). Conly et al. (2006) recorded §'%0
and 8'3C values of -11.0%o to -4.5%o and -6.0%o to 4.4%o, for limestones of the Boleo Fm.
In this study, average 8'%0 and §'3C values of fossils collected from the Boleo Fm.
limestone at Arroyo Infierno are -9.9%o and -7.5%o, respectively. These 880 and §'°C
values are significantly more negative than what is commonly reported for shallow-water
marine mollusks, with 8'30 values between -4%o to 3%o and §'°C values between -4%o to
1%0 (Anderson and Arthur, 1983) and instead reflect isotopic fractionation in
predominantly freshwaters (Fig. 10A). Although the low oxygen values could suggest a
temperature effect or possible diagenesis, these factors would not account for the low value
of carbon, suggesting that these values are more characteristic of precipitation in
predominately freshwater. The source of freshwater could be explained by waters from a
fluvial source. A study on fossil shells collected near the mouth of the Colorado River in
the Gulf of California had minimum §'30 values of -8.8%o (Dettman et al., 2004), 1.1%o

more positive than the average for Arroyo Inferno samples.

Common &'°C values for fluvial carbonates are between -12%o and -4%o
(Arenas-Abad et al., 2010). The &'3C values from Arroyo Infierno are within that range.
Common §'80 values for fluvial carbonates are between -8%o and -5%o (Arenas-Abad et
al., 2010), higher than the 3'30 values for samples at Arroyo Infierno but studies of fluvial
carbonates recording more negative §'0 values do exist (Pazdur et al., 1988; Andrews et

al., 1997; Dettman et al., 2004). The stratigraphically lowest sample from Arroyo Infierno
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had a 8'°C value of -10.1%o and the stratigraphically highest sample had a §'°C value
of -4.8%o, whereas the 8'30 values remain fairly constant (between -10.3%o and -9.4%o).
This could potentially be explained by changes in vegetation, with C; vegetation
dominating during deposition of the lowest sample and Cs4 vegetation dominating during
deposition of the highest sample. Additional samples would need to be collected to test

this.

Sea-surface temperatures 5-8 °C warmer during the late Miocene would affect the
5'%0 value of carbonates precipitating from marine waters (0% SMOW). This would
decrease 5'%0 values by about 1-2%o, a significant amount, but not significant enough to
account for the negative values recorded in these samples. This increase in temperature
would also not explain the negative §'°C values and suggests the influence by freshwaters
(likely fluvial). The §'®0 and 8§'°C values from Arroyo Infierno and at least some from
Conly et al. (2006) are consistent with fluvial-influenced carbonates. This finding conflicts
with previous studies claiming a marine origin for the limestone of the Boleo Fm. (Wilson

and Rocha, 1955; Ochoa-Landin et al., 2000).

6.2.3 Mine 3135

Samples from the Boleo Fm. above manto 4 at Mine 3135 consist of two mollusks
collected from a fossiliferous sandstone with average §'*0 and §'3C values of -4.4%o
and -1.4%o, respectively. The average 8'3C value falls within range for shallow-water
marine mollusks and the average §'30 value falls just outside of accepted values (minimum
of -4.0%o) for shallow-water marine mollusks (Fig. 10A; Boggs, 2009). These mollusks

likely still lived and grew in a shallow water setting with lower values of §'%0 and §'*C

39



recording the influx of freshwater, which has previously been interpreted as fluvial (Conly

et al., 2006).

Similar §'%0 values to the mollusks at Mine 3135 are reported by Rodriguez et al.
(2001) from aragonite mollusk shells collected at the mouth of the Colorado River in the
Gulf of California, where isotopically lower fluvial water from the Colorado River mixed
with isotopically higher marine waters in the Gulf of California, resulting in mollusks
having average §'%0 values between -4.3%o to -3.1%o. In order to properly compare the
5'%0 values for aragonite shells from Rodriguez et al. (2001) to the §'*0 values of calcite
shells in this study, some conversions and assumptions must be made as aragonite is
enriched in §'%0 compared to calcite at different temperatures. Rodriquez et al. (2001) used
mollusks that are reported to grow in temperatures ranging from ~17 °C to ~31 °C, average
24 °C. At 24 °C, aragonite is enriched in §'%0 by ~0.6%o relative to calcite (Anderson and
Arthur, 1983). Assuming an average temperature of 24 °C, the §'80 averages from
Rodriguez et al. (2001) would have been between -4.9%o to -3.7%o if calcite shells had been
analyzed. The converted calcite range includes the average and individual sample §'%0

values at Mine 3135.

The increased depletion in §'*0 compared to §'3C could also be reflective of an
increase in water temperature. An increase in water temperature would decrease the value
of $'%0 but not §'3C, as oxygen isotope fractionization is temperature dependent whereas
carbon isotope fractionization is relatively insensitive to temperature (Sharp, 2017).
Currently, water in the Gulf of California is relatively warm, reaching average maximum

temperatures of 31 °C in the summer (Reynolds et al., 2007). Sea-surface temperatures in
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the late Miocene are estimated to have been 5-8 °C warmer than they are today (La Riviere
et al.,2012). The late Miocene SST increase in waters that are already fairly warm is likely
reflected in these deposits with additional input of freshwater leading to negative §'°C

values and further lowering §'%0 values.

The negative §'°C values could partially be explained by the decrease of marine
DIC from 7.8 to 6.2 Ma, when the global average of 3'°C decreased by 0.5%o (Hodell et
al., 1994). Although the absolute age of these specimens is unknown, they were collected
from a siliciclastic deposit estimated to have been deposited between 7.1 to 6.2 Ma, a length
of time included in the global decrease of marine DIC. It has been suggested that the
decrease of marine DIC was due to erosion of organic material during a global sea-level
drop (Vincent et al., 1980). The negative §'°C values from Mine 3135 could potentially be
due to fluvial waters eroding continental organic material into shallow-marine waters, as

this was happening globally.

6.2.4 Santa Agueda

Samples collected from the lower calcareous sandstone of the Tirabuzén Fm. at
Santa Agueda have average 5'%0 and §'3C values of -2.2%o and 0.0%o, respectively. These
isotopic values suggest carbonate precipitation in a shallow-water marine environment
(Fig. 10) similar to the 55-90 m water depth range suggested by Wilson (1985), but likely
shallower than the 200-500 m water depth Carreno (1982) and Shroat-Lewis (2007)
suggest. A study by Keigwin (2001) on water temperatures in the Gulf of California found
that between 200-500 m water depth temperatures were between 10-15 °C and 18-27 °C

between 0-100 m. If formed strictly from marine waters (0% SMOW), with no freshwater
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source lowering the §'*0 and §'*C values, samples from the lower section would have
formed in water temperatures about 25 °C on average (Kim and O’Neil, 1997). During the
Pliocene SSTs were 3-5°C warmer, this temperature increase would decrease 3'30 values
by ~1%0. However, even after accounting for the temperature increase during the Pliocene
and the ~1%o decrease in 8'%0 values it would cause, lower Tirabuzon Fm. §'*0 values
would still be within the 0-100 m range, further supporting Wilson (1985) claim that the

Tirabuzon Fm. formed in water depths between 55-90 m or potentially shallower.

However, 5'%0 and §'°C data from these samples only represents the conditions at
the time of shell growth, not of final depositional environment. It is possible that these
organisms lived in a shallow-water marine environment and were later transported into a
deeper environment. The two samples collected from the lower calcareous sandstone for
stable isotope analysis are not sufficient enough to rule out the possibility of transportation.
Additional samples would need to be collected for further analyses to better estimate water

depth of this section.

Samples collected from the upper conglomerate of the Tirabuzén Fm. at Santa
Agueda have average §'30 and §'3C values of and -4.1%o and -1.7%, respectively. These
5180 and §'3C values are ~2.0%o lower than values for the lower calcareous sandstone. This
decrease in both §'*0 and §'°C values suggests a greater freshwater input, either from
increased fluvial waters or precipitation, and an increase in temperature further lowering
580 values. As mentioned, the 3-5 °C temperature increase during the Pliocene would
result in samples having §'30 values ~1%o lower compared to Quaternary carbonates. This

increase in SSTs during the Pliocene is likely reflected in the upper conglomerate. The
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upper conglomerate of the Tirabuzén Fm. at Santa Agueda was likely deposited in a beach
environment where the introduction of fresh waters into shallow-marine waters resulted in
the negative §'*0 and §'°C values and warmer SSTs further lowered §'0 values of these

samples.

Although average §'30 and §'3C values are lower for the upper conglomerate than
the lower calcareous sandstone, samples from both sections have average §'30 values
between -4%o to 3%o and 5'3C values between -4%o to 1%o, consistent with a shallow-water
marine environment (Anderson and Arthur, 1983). The transition from a calcareous
sandstone to conglomerate is characteristic of a change from a shallow marine to beach
environment that occurred as local sea level fell, and the shoreline regressed. Lower
calcareous sandstone fossil 3'0 and §'*C values indicate a marine environment shallower
than 100 m and upper conglomerate fossil §'®0 and §'C values indicate a beach

environment influenced by freshwater and warmer SSTs.

6.2.5 Mesa Soledad

Mesa Soledad is the only site with samples collected from multiple formations: the
Tirabuzon, Infierno and Santa Rosalia. Samples collected from a fossiliferous sandstone
within the Tirabuzon Fm. have average §'%0 and §'3C values of -7.6%o and -7.8%o, similar
to a fossiliferous limestone within the Tirabuzén Fm. with §'%0 and §'3C values of -11.0%o
and -7.7%o (Conly et al., 2006). Previous studies of the Tirabuzoén Fm. suggest an offshore
marine environment (Wilson, 1985; Shroat-Lewis, 2007). The isotopic values from the
Tirabuzén Fm. at Mesa Soledad are too negative to indicate an offshore marine

environment, which tends to be positive or near zero in offshore marine carbonates
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(Anderson and Arthur, 1983). Neither are they reflective of a shallow-water marine
environment (Fig. 10). However, even if these isotopic values are more typical of
freshwater limestones, the presence of Echinoidea body fossils indicates that the Tirabuzon
Fm. at Mesa Soledad formed in a marine environment. Conly et al. (2006) suggests that
the Tirabuzon Fm. formed in a brackish environment, with 8'*Omw and 8'*Crcos” values of
~-9%o0 and ~-10.0%o (at 25 °C), respectively. Due to the similar isotopic values between the
fossiliferous limestone in Conly et al. (2006) to the fossiliferous sandstone in this study,
the samples in this study likely formed in brackish water conditions where fluvial waters

entered shallow-marine waters in the Gulf of California.

Samples from the Infierno Fm. at Mesa Soledad have average '30 and §'°C values
of -6.2%o0 and -6.9%o, slightly more positive (1.4%o and 0.9%o) than average §'*0 and §'3C
values for the Tirabuzén Fm. at Mesa Soledad. To date, there are no published studies on
stable isotopes from the Infierno Fm, but the values in this study suggest that these deposits

also formed in a brackish environment similar to the Tirabuzén Fm.

It is unlikely that increased SSTs during the Pliocene was a dominate factor for the
negative 5'0 values of Pliocene deposits at Mesa Soledad. Instead the early to middle
Pliocene Tirabuzén Fm. and the late Pliocene Inferno Fm. at Mesa Soledad were influenced

by 8'%0 and §"3C low freshwaters entering a shallow-marine setting.

Carbon isotopes from Pliocene deposits at Mesa Soledad provide clues that this
area was not dominated by arid or semi-arid vegetation like the modern environment
(Wilson and Rocha, 1955). Freshwater carbonates that precipitate from areas dominated

by Cs vegetation have more negative §'°C values (-8%o or less) whereas carbonates that
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precipitate from areas that are predominantly C4 vegetation have more positive §'*C values
(-6%o to -2%o) (Andrews, 2006; Beverly et al., 2015). The average §'°C values, -7.8%o for
the Tirabuzon Fm. and -6.9%o for the Infierno Fm., from Pliocene deposits at Mesa Soledad
do not suggest that there was a strong C4 presence in this area and instead this area was
predominantly Cs vegetation. Providing evidence that the Baja California peninsula was

not more arid during the warmer than modern Pliocene.

Above the Inferno Fm. at Mesa Soledad is the Santa Rosalia Fm. The Santa Rosalia
Fm. has average §'0 and §'°C values of -1.4%o and -0.7%o, respectively. These values
agree with deposition in a shallow-water marine environment (Fig. 10A). Values from
individual samples are plotted on Figure 10B. One of the 4 samples from the Santa Rosalia
Fm. have §'*0 and §'°C values of 1.5%o and 0.7%o, more characteristic of deeper or colder
waters. However, it is not particularly unusual to find mollusks with values of this kind in
shallow intertidal waters (Schone et al., 2006). The Santa Rosalia Fm. is the youngest
(~1 Ma) of all marine formations in the SRB and stable isotope values from this formation
show some of the highest values in this study. At Mesa Soledad, there is a clear trend
toward increasing 8'®0 and §'°C values up section, indicating an environmental change
through time, with Pliocene deposits recording a freshwater influence that ultimately

diminished by the time the Pleistocene Santa Rosalia Fm. formed.

6.3 Implications for Miocene and Pliocene Paleoclimate

Stable oxygen and carbon isotopes from late Miocene and Pliocene deposits in the
SRB show the influence of freshwater at the time of deposition. The modern climate of the

Santa Rosalia area is relatively arid, receiving on average ~13 cm of precipitation a year
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(Wilson and Rocha, 1955). Due to the paucity of precipitation in Santa Rosalia and the
surrounding area, there are no major fluvial systems. Although the amount of precipitation
the Santa Rosalia area received during the late Miocene and Pliocene is beyond the scope
of this study, our paleoenvironmental interpretations suggest that during the late Miocene
and Pliocene this area had fluvial sources and therefore, had more precipitation than present

day.

The source for most of the increased precipitation is likely from the North American
monsoon. The 5-8°C SSTs increase during the late Miocene (LaRiviere ef al., 2012) and
the 3-5°C SSTs increase during the Pliocene (Winnick et al., 2013) along with opening of
the Gulf of California intensified the North American monsoon (Chaplin, 2008). We
hypothesize that a prolonged and intensified North American monsoon resulted in a
paleoclimate much wetter than present day. This finding agrees with Molnar and Cane’s
(2007) hypothesis that warming during the late Miocene-Pliocene lead to a wetter climate
in the western US, similar to modern El Nifio summers. The prolonged and intensified
North American monsoon during the late Miocene and Pliocene resulted in spring and
fluvial waters that either directly formed or influenced carbonates within the Santa Rosalia

Basin.

7. Conclusion

Analysis of mineralogy, petrography, and stable isotopes from bulk carbonate
samples at El Morro suggest that these tufa deposits formed in a brackish environment as
ambient spring waters entered shallow-marine waters. Stable oxygen and carbon isotopes

from fossils collected at Arroyo Infierno record values characteristic of carbonate
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precipitation in freshwaters, likely fluvial, as these deposits have §'%0 values too negative
to be caused by realistic changes in SSTs during the Miocene. The low §'%0 values of
mollusk samples collected at Mine 3135 is likely the result of warmer SSTs during the late
Miocene but with some amount of freshwater carrying eroded organic material into the
shallow-marine waters of the Gulf of California, leading to negative §'°C values and further
lowering 5'%0 values. The Tirabuzén Fm. at Santa Agueda is the only section of Pliocene
deposits to have 8'80 and §'°C values characteristic of a shallow-water marine
environment, inconsistent with previous studies that suggest an offshore marine
environment. At Santa Agueda, the shift to coarser sediment and lower §'®0 and §'°C
values up section suggests a seaward migration of the shoreline. Like the late Miocene
Boleo Fm. deposits, Pliocene deposits at Mesa Soledad also have §'%0 and §'°C values
suggesting a freshwater influence. §'°C values are consistent with freshwater carbonates
mostly influenced by Cs vegetation. This finding suggests that either the Santa Rosalia area
had not undergone the expansion of C4 dominated vegetation by the Pliocene or that even
though the climate was warmer, it was still wet enough to sustain C3 vegetation. The Mesa
Soledad section is the only section with samples that span multiple formations and there is
a trend toward higher 8'%0 and §'*C values up section, evidence for drying out of the
climate from the Pliocene to Pleistocene. Current models predict that as the global climate
warms the southwestern US and northern Mexico will become drier, but our findings
suggest that when the climate was 3-4 °C warmer during the latest Miocene and Pliocene
the region was wetter than modern times. This suggests that as temperatures increase in
this region due to anthropogenic climate change, more precipitation is likely due to an
intensified and prolonged North American monsoon.

47



8. Bibliography

Anderson, T.F. and Arthur, M.A., 1983, Stable isotopes of oxygen and carbon and their
application to sedimentologic and paleoenvironmental problems, in: Arthur, M.A.,
Anderson, T.F., Kaplan, I.LR., Veizer, J., Land, L.S. (Eds.), Stable Isotopes in
Sedimentary Geology. SEPM Short Course, Columbia, pp. 1-151.

Andrews, J.E., 2006, Palaecoclimatic records from stable isotopes in riverine tufas:
Synthesis and review: Earth-Science Reviews, v. 75, p. 85—104.

Andrews, J.E., Riding, R., and Dennis, P.F., 1997, The stable isotope record of
environmental and climatic signals in modern terrestrial microbial carbonates from
Europe: Palaeogeography, Palaeoclimatology, Palaeoecology,v. 129, p. 171-189.

Achituv, Y., Brickner, 1., Erez, J., 1997, Stable carbon isotope ratios in Red Sea barnacles
(Cirripedia) as an indicator of their food source. Marine Biology v. 130, p.243—
247

Arenas-Abad, C., Vazquez-Urbez, M., Pardo-Tirapu, G. and Sancho-Marcen, C., 2010,
Fluvial and associated carbonate deposits, in: Carbonates in Continental Settings:

Facies, Environments, and Processes (Eds A.M. Alonso-Zarza and L.H. Tanner),
pp. 133—175. Elsevier, New York, NY.

Ashley, G.M., De Wet, C.B., Dominguez-Rodrigo, M., Karis, A.M., O’Reilly, T.M., and
Baluyot, R., 2014, Freshwater Limestone In An Arid Rift Basin: A Goldilocks
Effect: Journal of Sedimentary Research, v. 84, p. 988—1004.

Beverly, E.J., Driese, S.G., Peppe, D.J., Johnson, C.R., Michel, L.A., Faith, J.T., Tryon,
C.A., and Sharp, W.D., 2015, Recurrent spring-fed rivers in a Middle to Late
Pleistocene semi-arid grassland: Implications for environments of early humans in
the Lake Victoria Basin, Kenya (J. Reijmer, Ed.): Sedimentology, v. 62, p. 1611—
1635.

Boggs, Jr, S., 2009, Limestones, in: Petrology of Sedimentary Rocks, pp. 313-381.
Cambridge University Press, Cambridge, England.

Bowen, G.J.,, 2010, The Online Isotopes in Precipitation Calculator,
http:/www.waterisotopes.org (accessed June 2020)

Bowman, C.N., Wang, Y., Wang, X., Takeuchi, G.T., Faull, M., Whistler, D.P., and Kish,
S., 2017, Pieces of the puzzle: Lack of significant C4 in the late Miocene of

southern California: Palaeogeography, Palaeoclimatology, Palaeoecology, v. 475,
p. 70-79.

48



Brand, U., Morrison, J.O., Brand, N., and Brand, E., 1987, Isotopic variations in the shells
of recent marine invertebrates from the Canadian Pacific coast: Chemical Geology,
v. 65, p. 137-124.

Bright, J., Cohen, A.S., Dettman, D.L., and Pearthree, P.A., 2018, Freshwater plumes and
brackish lakes: Integrated microfossil and O-C-Sr isotopic evidence from the late
Miocene and early Pliocene Bouse Formation (California-Arizona) supports a lake

overflow model for the integration of the lower Colorado River corridor:
Geosphere,v. 14, p. 1875-1911.

Buonocunto, F.P., Sprovieri, M., Bellanca, A., D’Argenio, B., Ferreri, V., Neri, R., and
Ferruzza, G., 2002, Cyclostratigraphy and high-frequency carbon isotope
fluctuations in Upper Cretaceous shallow-water carbonates, southern Italy:
Sedimentology, v. 49, p. 1321-1337.

Burgess, S.N., Henderson, G.M., and Hall, B.L., 2010, Reconstructing Holocene
conditions under the McMurdo Ice Shelf using Antarctic barnacle shells: Earth and
Planetary Science Letters, v. 298, p. 385-393.

Carrefio, A.L., and Smith, J.T., 2007, Stratigraphy and correlation for the ancient Gulf of
California and Baja California Peninsula, Mexico: Ithaca, NY, Paleontological
Research Institution, Bulletins of American paleontology no. 371, 146 p.

Carreno, A.L., 1982, Biostratigraphy at the Loma del Tirabuzén (Corkscrew Hill), Santa
Rosalia, Baja California Sur, Mexico: Proceedings — North American
Paleontological Convention, v. 3, p. 67-69.

Chafetz, H.S., and Folk, R.L., 1984, Travertines: Depositional morphology and the
bacterially constructed constituents: Journal of Sedimentary Petrology, v. 54, p.
289-316.

Chapin, C.E., 2008, Interplay of oceanographic and paleoclimate events with tectonism
during middle to late Miocene sedimentation across the southwestern USA:
Geosphere, v. 4, p. 976-991.

Conly, A.G., Brenan, J.M., Bellon, H., and Scott, S.D., 2005, Arc to rift transitional
volcanism in the Santa Rosalia Region, Baja California Sur, Mexico: Journal of
Volcanology and Geothermal Research, v. 142, p. 303-341.

Conly, A.G., Beaudoin, G., and Scott, S.D., 2006, Isotopic constraints on fluid evolution
and precipitation mechanisms for the Boléo Cu—Co—Zn district, Mexico:
Mineralium Deposita,v. 41, p. 127-151.

Conly, A.G., Scott, S.D., and Bellon, H., 2011, Metalliferous Manganese Oxide
Mineralization Associated with the Boleo Cu-Co-Zn District, Mexico: Economic
Geology, v. 106, p. 1173-1196.

49



Craven, K.F., Bird, M.I., Austin, W.E.N., and Wynn, J., 2008, Isotopic variability in the
intertidal acorn barnacle Semibalanus balanoides : a potentially novel sea-level

proxy indicator: Geological Society, London, Special Publications, v. 303, p. 173—
185.

Crossey, L.C., Karlstrom, K.E., Dorsey, R., Pearce, J., Wan, E., Beard, L.S., Asmerom, Y.,
Polyak V., Crow, R.S., Cohen, A., Bright, J., and Pecha, M.A., 2015, Importance
of groundwater in propagating downward integration of the 6—5 Ma Colorado River
system: Geochemistry of springs, travertines, and lacustrine carbonates of the
Grand Canyon region over the past 12 Ma: Geosphere, v. 11, p. 660—682.

Detjen, M., Sterling, E., and Gomez, A., 2015, Stable isotopes in barnacles as a tool to
understand green sea turtle (Chelonia mydas) regional movement patterns:
Biogeosciences, v. 12, p. 7081-7086.

Dettman, D.L., Flessa, K.W., Roopnarine, P.D., Schone, B.R., and Goodwin, D.H., 2004,
The use of oxygen isotope variation in shells of estuarine mollusks as a quantitative

record of seasonal and annual Colorado river discharge: Geochimica et
Cosmochimica Acta, v. 68, p. 1253-1263.

Ford, T.D., and Pedley, H.M., 1996, A review of tufa and travertine deposits of the world:
Earth-Science Reviews, v. 41, p. 117-175.

Fox, D.L., Pau, S., Taylor, L., Stromberg, C.A.E., Osborne, C.P., Bradshaw, C., Conn, S.,
Beerling, D.J., and Still, C.J., 2018, Climatic controls on C4 grassland distributions
during the Neogene: A model-data comparison: Frontiers in Ecology and
Evolution, v. 6, p. 147.

Fritz, P. and Poplawski, S., 1974, '80 and '°C in the shells of freshwater molluscs and their
environment: Earth and Planetary Science Letters, v. 24, p. 91-98

Gandin, A., and Capezzuoli, E. 2008, Travertine versus calcareous tufa: Distinctive
petrographic and stable isotope signatures: ltalian Journal of Quaternary Sciences,
v. 21, p. 125-136.

Gillikin, D.P., 2005, Geochemistry of marine bivalve shells: the potential for
paleoenvironmental reconstruction [Ph.D thesis]: Vrije Universiteit Brussel, p. 5-
29.

Hastings, J.R. and Turner, R.M., 1965, Seasonal precipitation regimes in Baja California,
Mexico: Geografiska Annaler, v. 47, p. 204-223

50



Hodell, D.A., Benson, R.H., Kent, D.V., Boersma, A., and Rakic-El Bied, K., 1994,
Magnetostratigraphic, biostratigraphic, and stable isotope stratigraphy of an Upper
Miocene drill core from the Salé Briqueterie (northwestern Morocco): A high-

resolution chronology for the Messinian stage: Paleoceanography, v. 9, p. 835—
855.

Holt, J.W., Holt, EEW., and Stock, J.M., 2000, An age constraint on Gulf of California
rifting from the Santa Rosalia basin, Baja California Sur, Mexico: Geological
Society of America Bulletin, v. 112, p. 540-549.

Hossain, H. M. Z., Islam, M. S., Armstrong-Altrin, J. S., Sial, A. N., Ahamed, S., Nowsher,
M. N., and Kawsar, M. A. A., 2013, Stable carbon and oxygen isotopic composition
of Mio-Pliocene bivalve shells and calcareous sediments in Nhila Anticline,
southeast Bengal Basin, Bangladesh: Journal of Life and Earth Science, v. 8, p.
113-117.

Huck, S., Wohlwend, S., Coimbra, R., Christ, N., and Weissert, H., 2017, Disentangling
shallow-water bulk carbonate carbon isotope archives with evidence for multi-stage
diagenesis: An in-depth component-specific petrographic and geochemical study
from Oman (mid-Cretaceous): The Depositional Record, v. 3, p. 233-257.

Immenhauser, A., Schone, B.R., Hoffmann, R., and Niedermayr, A., 2016, Mollusc and
brachiopod skeletal hard parts: Intricate archives of their marine environment:
Sedimentology, v. 63, p. 1-59.

Johnson, C.R., Ashley, G.M., De Wet, C.B., Dvoretsky, R., Park, L., Hover, V.C., Bernhart
Owen, R., and Mcbrearty, S., 2009, Tufa as a record of perennial fresh water in a

semi-arid rift basin, Kapthurin Formation, Kenya: Sedimentology, v. 56, p. 1115—
1137.

Jones, B., and Renaut, R.W., 2010, Calcareous spring deposits in continental settings, in:
Carbonates in Continental Settings: Facies, Environments, and Processes (Eds
A.M. Alonso-Zarza and L.H. Tanner), pp. 177-215. Elsevier, New York, NY.

Keigwin, L.D. 2001, Late Pleistocene-Holocene paleoceanography and ventilation of the
Gulf of California: Journal of Oceanography, v. 58, p. 421-432.

Keith, M.L., Anderson, G.M., and Eichler, R., 1964, Carbon and oxygen isotopic
composition of mollusk shells from marine and fresh-water environments:
Geochimica et Cosmochimica Acta, v. 28, p. 1757-1786.

Killingley, J.S. and Newman, W.A., 1982, '80 fractionation in barnacle calcite: a barnacle
paleotemperature equation. Journal of Marine Research, v. 40, p. 893-902.

Kim, S.-T., and O’Neil, J.R., 1997, Equilibrium and nonequilibrium oxygen isotope effects
in synthetic carbonates: Geochimica et Cosmochimica Acta, v. 61, p. 3461-3475.

51



Knorr, G., Butzin, M., Micheels, A., and Lohmann, G., 2011, A warm Miocene climate at
low atmospheric CO» levels: Geophysical Research letters, v. 38, p. 1-5

LaRiviere, J.P., Ravelo, A.C., Crimmins, A., Dekens, P.S., Ford, H.L., Lyle, M., and Wara,
M.W., 2012, Late Miocene decoupling of oceanic warmth and atmospheric carbon
dioxide forcing: Nature, v. 486, p. 97-100.

Longman, M.W., 1981, Dolomite and Dolomitization, in: Carbonate Diagenesis as a
Control on Stratigraphic Traps (with examples from the Williston Basin). American

Association of Petroleum Geologist, Education Course Note Series, v.21, pp. 120-
140

Marinone, S.G., 2003, A three-dimensional model of the mean and seasonal circulation of
the Gulf of California: Journal of Geophysical Research, v. 108, p. 3325.

McConnaughey, T.A., 2003, Sub-equilibrium oxygen-18 and carbon-13 levels in
biological carbonates: carbonate and kinetic models: Coral Reefs, v. 22, p. 316—
327.

McConnaughey, T.A., Burdett, J., Whelan, J.F., and Paull, C.K., 1997, Carbon isotopes in
biological carbonates: Respiration and photosynthesis: Geochimica et
Cosmochimica Acta,v. 61, p. 611-622.

McConnaughey, T.A., and Gillikin, D.P., 2008, Carbon isotopes in mollusk shell
carbonates: Geo-Marine Letters, v. 28, p. 287-299.

Minnich, R. A., Vizcaino, E.F., and Dezzani, R.J., 2000: The El Nino/Southern Oscillation
and precipitation variability in Baja California, Mexico: Atmosfera, v. 13, p. 1-20.

Miranda-Avilés, R., Beraldi-Campesi, H., and Puy-Alquiza, M.J. Estromatolitos, tufas y
travertinos de la seccion El Morro: Depositos relacionados con la primera incursion
marina en la Cuenca de Santa Rosalia, Baja California Sur: Revista Mexicana de
Ciencias Geologicas, v. 22, p. 148-158.

Mitchell, S.F., Ball, J.D., Crowley, S.F., Marshall, J.D., Paul, C.R.C., Veltkamp, C.J., and
Samir, A., 1997, Isotope data from Cretaceous chalks and foraminifera:
Environmental or diagenetic signals?: Geology, v. 25, p. 691-694.

Mitchell, D.L., Ivanova, D., Rabin, R., Brown, T.J., and Redmond, K., 2002, Gulf of
California Sea Surface Temperatures and the North American Monsoon:
Mechanistic Implications from Observations: Journal of Climate, v. 15, p. 21.

Molnar, P., and Cane, M.A., 2007, Early Pliocene (pre—Ice Age) El Nino—like global
climate: Which El Nifio? Geosphere, v. 3, p. 337.

52



Moore, E. J. 1984. Tertiary marine pelecypods of California and Baja California:
Propeamussiidae and Pectinidae. U.S. Geological Survey Professional Paper 1228-
B.

Moore, E. J. 1987. Tertiary marine pelecypods of California and Baja California:
Plicatulidae to Ostreidae. U.S. Geological Survey Professional Paper 1228-C

Newman, W.A., and Ross, A., 1976, Revision of the balanomorph barnacles; including a
catalog of the species: Memoirs of the San Diego Society of Natural History, v. 9,
p. 1-108.

Ochoa-Landin, L., Ruiz, J., Calmus, T., Perez, E., Escandon, F., 2001. Sedimentology and
stratigraphy of the upper Miocene Boleo Formation, Santa Rosalia, Baja California,
Mexico: Revista Mexicana de Ciencias Geologicas, v. 17, p. 83-95.

Ortlieb, L., and Colletta, B., 1984, Sintesis cronoestratigrafica sobre el Neogeno y el
Cuaternario marino de la Cuenca Santa Rosalia, Baja California Sur, Mexico: in
Malpica-Cruz, V., ed., Neotectonics and Sea Level Variations in the Gulf of
California Area, A Symposium: Universidad Nacional Auténoma de México,
Instituto de Geologica Revista, v. 8, p. 241-260.

Owen, R., Kennedy, H., and Richardson, C., 2002, Experimental investigation into
partitioning of stable isotopes between scallop (Pecten maximus) shell calcite and
sea water: Palaeogeography, Palaeoclimatology, Palaeoecology, v. 185, p. 163—
174.

Parrish, J.T., Hyland, E.G., Chan, M.A., and Hasiotis, S.T., 2018, Stable and clumped
isotopes in desert carbonate spring and lake deposits reveal palacohydrology: A
case study of the Lower Jurassic Navajo Sandstone, south-western USA (G. Della
Porta, Ed.): Sedimentology, v. 66, p. 32-52.

Pazdur, A., Pazdur, M.F., Starkel, L., and Szulc, J., 1988, Stable isotopes of Holocene
calcareous tufa in Southern Poland as paleoclimatic indicators: Quaternary
Research, v. 30, p. 177-189.

Pearson, R.M., van de Merwe, J.P., Gagan, M.K., Limpus, C.J., and Connolly, R.M., 2019,
Distinguishing between sea turtle foraging areas using stable isotopes from
commensal barnacle shells: Scientific Reports, v. 9, p. 6565.

Pedley, M., Martin, J.A.G., Delgado, S.O., and Garcia Del Cura, M., 2003, Sedimentology
of Quaternary perched springline and paludal tufas: criteria for recognition, with
examples from Guadalajara Province, Spain: Sedimentology, v. 50, p. 23—44.

53



Pérez-Losada, M., Heeg, J.T., Simon-Blecher, N., Achituv, Y., Jones, D., and Crandall,
K.A., 2014, Molecular phylogeny, systematics and morphological evolution of the
acorn barnacles (Thoracica: Sessilia: Balanomorpha): Molecular Phylogenetics
and Evolution, v. 81, p. 147-158.

Reynolds, R.W., Smith, T.M., Liu, C., Chelton, D.B., Casey, K.S., and Schlax, M.G., 2007,
Daily High-Resolution-Blended Analyses for Sea Surface Temperature: Journal of
Climate, v. 20, p. 5473-5496.

Rodriguez, C.A., Flessa, K.W., Téllez-Duarte, M.A., Dettman, D.L., and Avila-Serrano,
G.A., 2001, Macrofaunal and isotopic estimates of the former extent of the
Colorado River estuary, upper Gulf of California, México: Journal of Arid
Environments, v. 49, p. 183—193.

Rodriguez, C., Flessa, K., Tellez-Duarte, M., Dettman, D. and Avila-Serrano, A., 2001,
Macrofaunal and isotopic estimates of the former extent of the Colorado River

estuary, upper Gulf of California, Mexico. Journal of Arid Environments, v. 49, p.
183-193.

Sawlan, M.G, and Smith, J.C., (1984), Petrologic Characteristics, Age and Tectonic Setting
of Neogene Volcanic Rocks in Northern Baja California Sur, Mexico: in Frizzell,
V.A. ed., Geology of the Baja California Peninsula: Pacific Section S.E.P.M., v.
39, p. 237-251.

Scholle, P.A., and Ulmer-Scholle, D.S., 2003, A Color Guide to the Petrography of
Carbonate Rocks: Grains, textures, porosity, diagenesis (Ed. J.C. Lorenz),
American Association of Petroleum Geologists. American Association of
Petroleum Geologist, Tulsa, OK.

Schone, B.R., Rodland, D.L., Fiebig, J., Oschmann, W., Goodwin, D., Flessa, K.W., and
Dettman, D., 2006, Reliability of Multitaxon, Multiproxy Reconstructions of
Environmental Conditions from Accretionary Biogenic Skeletons: The Journal of
Geology, v. 114, p. 267-285.

Seager, R., Ting, M., Held, 1., Kushnir, Y., Lu., J., Vecchi, G., Huang, H.-P., Harnik, N.,
Leetmaa, A., Lau, N.-C., Li, C., Velez, J., and Naik., N., 2007, Model Projections
of an Imminent Transition to a More Arid Climate in Southwestern North America:
Science, v. 316, p. 1181-1184.

Sharp, Z. D., 2007, Principles of Stable Isotope Geochemistry: Prentice-Hall, Upper Saddle
River, NJ.

Shroat-Lewis, R.A., 2007, Taphonomy of a Pliocene ophiuroid mass mortality Lagerstétte
in the Tirabuzon Formation, Baja California Sur [M.S. thesis]: University of North
Carolina at Wilmington.

54



Siemensma, F., Apothéloz-Perret-Gentil, L., Holzmann, M., Clauss, S., Vélcker, E., and
Pawlowski, J., 2017, Taxonomic revision of freshwater foraminifera with the
description of two new agglutinated species and genera: European Journal of
Protistology, v. 60, p. 28—44.

Soto-Mardones, L., Marinone, S.G., Parés-Sierra, A., 1999, Time and spatial variability of
sea surface temperature in the Gulf of California: Ciencias Marinas, v. 25, p. 1-30.

Swift, N.B., 2012, Biomineral structure and strength of barnacle exoskeletons: Colgate
Academic Review, v. 8, p. 122-134.

Tanaka, N., Monaghan, M.C., and Rye, D.M., 1986, Contribution of metabolic carbon to
mollusc and barnacle shell carbonate: Nature, v. 320, p. 520-523.

Turi, B., 1984, Stable isotope geochemistry of travertines in: Handbook of Environmental
Isotope Geochemistry, v. 2, The Terrestrial Environment (Eds P. Fritz and J.Ch.
Fontes), pp. 207-238. Elsevier, New York, NY

Ullmann, C.V., Gale, A.S., Huggett, J., Wray, D., Frei, R., Korte, C., Broom-Fendley, S.,
Littler, K., and Hesselbo, S.P., 2018, The geochemistry of modern calcareous
barnacle shells and applications for paleoenvironmental studies: Geochimica et
Cosmochimica Acta, v. 243, p. 149-168.

Umbhoefer, P.J., 2011, Why did the Southern Gulf of California rupture so rapidly?—
Oblique divergence across hot, weak lithosphere along a tectonically active margin:
GSA Today, v. 21, p. 4-10.

Vincent, E., Killingley, J.S., and Berger, W.H., 1980, The Magnetic Epoch-6 carbon shift:
A change in the ocean’s 13C/12C ratio 6.2 million years ago: Marine
Micropaleontology, v. 5, p. 185-203.

Wilson, E.C., 1985, The spiral trace fossil Gyrolithes de Saporta, 1884 in the Pliocene
Tirabuzon Formation near Santa Rosalia, Baja California Sur, Mexico. Bulletin of
the Southern California Academy of Science, v. 84, p. 57-66

Wilson, LF., and Rocha, V.S., 1955, Geology and mineral deposits of the Boleo copper
district Baja California, Mexico. U.S. Geological Survey Professional Paper 273.

Winnick, M.J., Welker, J.M., and Chamberlain, C.P., 2012, Stable isotopic evidence of El
Nifio-like atmospheric circulation in the Pliocene Western United States: Climate
of the Past Discussions, v. 8, p. 5083-5108.

Zachos, J., Pagani, M., Sloan, L., Thomas, E., and Billups, K. 2001, Trends, Rhythms, and
Aberrations in Global Climate 65 Ma to Present: Science, v. 292, p. 686—693.

55



Zheng, Y.-F., and Hoefs, J., 1993, Carbon and oxygen isotopic covariations in
hydrothermal calcites: Theoretical modeling on mixing processes and application
to Pb-Zn deposits in the Harz Mountains, Germany: Mineralium Deposita, v. 28.
p. 79-89.

56



9. Appendices

Appendix 1. Raw 6'0 and 6'3C data

8 180 6 13C

Sample (%:VPDB) (%:VPDB) Location Formation
17-11-15 Pecten -3.96 -1.82 Mesa Soledad Santa Rosalia
17-11-10 Pecten -0.24 0.58 Mesa Soledad Santa Rosalia
17-11-10 Barnacle -2.83 -2.29 Mesa Soledad Santa Rosalia
17-11-10 Oyster 1.49 0.74 Mesa Soledad Santa Rosalia
17-10-07 Pecten -5.13 -6.08 Mesa Soledad Infierno
17-10-07 Barnacle -7.24 -7.72 Mesa Soledad Infierno
17-10-01 Pecten -7.84 -7.99 Mesa Soledad Tirabuzon
17-10-01 Oyster -7.37 -7.57 Mesa Soledad Tirabuzén
16-18-14 Oyster -4.15 -1.15 Santa Agueda Tirabuzon upper
16-18-14 Barnacle -6.42 -2.75 Santa Agueda Tirabuzon upper
16-18-14 Pecten -1.64 -1.15 Santa Agueda Tirabuzon upper
BA17-2 Pecten 0.65 0.87 Santa Agueda Tirabuzon lower
BA16-1 Oyster -4.96 -0.85 Santa Agueda Tirabuzoén lower
BA17-1B Oyster -4.84 -1.97 Mine 3135 Boleo
BA17-1B Pecten -3.89 -0.92 Mine 3135 Boleo
BA18-2 Pecten -10.34 -4.84 Arroyo Infierno Boleo
BA18-4 Bivalve -9.43 -10.08 Arroyo Infierno Boleo
BA14-2 -8.50 -0.51 El Morro Boleo
BA14-1 -9.32 -3.32 El Morro Boleo
BA12-5 -9.12 -4.32 El Morro Boleo
BA12-4 -9.02 -3.07 El Morro Boleo
BA12-3B -10.01 -1.66 El Morro Boleo
BA12-1 -8.75 -3.63 El Morro Boleo
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