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PROJECT DESCRIPTION
P2C2: Collaborative Research: Rapid Climate Change During the Miocene
Climate Optimum: A Proxy-Model Comparison
Middle Miocene abrupt climate change as an analogue for the future

The Miocene is characterized by a cooling trend punctuated by abrupt episodes of warming during
the early to middle Miocene known as the Miocene Climate Optimum (MCO) (~17-14 Ma; Kürschner et
al., 2008; Holbourn et al., 2015). The MCO is one of Earth's most recent prolonged warming events,
recorded both in the ocean and on the continents (e.g., Zachos et al., 2008; Song et al., 2018), with a peak
global surface temperature ~8oC warmer than today (Goldner et al., 2014 and references therein). The MCO
serves as a benchmark to understand future climate change. Although the marine record of the MCO is well
documented through geochemical data (e.g. δ18O) from oceanic detritus, the continental record remains
sparse. This is primarily because most of the continental record is inherently discontinuous. Thus, despite
its significance, we know very little about the MCO continental climate record. This data gap hinders our
ability to distinguish the temperature responses between land and sea, and thus, limits our ability to use the
MCO as an analog for future climate change. Here, we plan to address the P2C2 goals by utilizing key
geological and geochemical records of climate variability across the MCO in combination with Earth
system model simulations to provide insights into the mechanisms driving the MCO. From these
results, we can better understand mechanisms of global warming, its relationship with CO2, and inform
future climate predictions.
The mid-Miocene is a unique time in geological history because it was a period of general warmth
during an icehouse climate state with relatively high CO2 concentrations and intervals of rapid climate
change when continental configurations were similar to present day. For all these reasons, the mid-Miocene
serves as a powerful analog for future climate change. However, the mechanisms behind the mid-Miocene
climate variability are debated and include changes in ocean circulation (Pagani et al., 1999), orbital forcing
(Holbourn et al., 2005) and pCO2 (Foster et al., 2012; Badger et al., 2013). Recent work shows a coupling
between pCO2 and temperature across the Miocene (Super et al., 2018) (Fig. 1) suggesting that pCO2 is the
main controlling factor behind global climate warming during the MCO. MCO warming has been
associated with increased magmatism along the northwestern American margin (Hodell and Woodruff,
1994) and related increased CO2 emissions (Kasbohm and Schoene, 2018). Fluctuations in CO2
concentrations affected ecosystem evolution during the MCO with the expansion of grasslands and an
increase in crown height of equids and other mammals (Kürschner et al., 2008).
We propose to use the continental record of Miocene climate change in the Central Andes as a
natural laboratory. The Central Andes are unique because they preserve a continuous and datable
continental record of Miocene climate change along a significant latitudinal gradient (ca. 20-30 degrees).
We plan to build on existing paleoclimate proxy records and target key localities to allow for robust proxymodel comparison. This effort will ultimately produce several comprehensive paleoclimate datasets that
will be compared against concurrent Miocene Earth system model simulations to test the response of the
Miocene climate system to various possible forcings.
We plan to use our new proxy and model data in combination with our data compilation to test the
following principle hypothesis: The transition into the MCO results in a more vigorous hydrological cycle
in Central South America due to an intensification of the South American Monsoon System (SAMS). We
expect that austral summer precipitation will increase in Central South America because warmer ocean
temperatures will allow for greater evaporation and moisture transport onto the continent (Cook and Vizy,
2006). Consequently, greater atmospheric energy and moisture will produce stronger convection and more
extreme precipitation on the eastern flanks of the Central Andes. Increased local vegetation density due to
greater moisture from the Atlantic (Ma et al., 2011;), a southward shift in the ITCZ associated with less
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Antarctic ice (Donohoe et
al., 2013), and weakened
subtropical
subsidence
resulting from a reduced
latitudinal
temperature
gradient (Carrapa et al.,
2019) will all act to amplify
the SAMS during the MCO.
This proposal has two major
components in line with
P2C2 objectives:
1) Paleoclimate multiproxy datasets – We
propose to analyze the
record of paleoclimate from
the Central Andes (NW
Argentina) preserved in the
geochemistry, palynology,
physical sedimentology and
paleontology of eolian (sand
seas) and fluvio-lacustrine
deposits at localities which
have
been
previously
studied by some of the PIs
(Canavan et al., 2014;
Quade et al., 2015) thus
building on existing work
and PI Carrapa’s extensive Figure 1. A. Miocene sea surface temperatures and B. alkenone pCO2
knowledge of the area. The estimates from ocean deposits; after Super et al. (2018) and references
wide distribution of early- therein. MCO: Miocene climate optimum; MMCT: Mid-Miocene climate
middle Miocene eolianites transition. SST: sea surface T.
and lake deposits in the
Central Andes, spanning more than 1000 km from N to S and a range of elevations, provides a unique
opportunity to determine paleo environments and climate conditions across and during the Miocene. A new
palynology record from mid-Miocene lacustrine deposits will provide information on vegetation response
to climate changes across the MCO. This record will be integrated with existing and new stable isotope
geochemistry data from pedogenic carbonates and volcanic ashes and with paleontological evidence in
order to produce the first high resolution mid-Miocene continental proxy data record of paleoclimate from
the Central Andes.
2) Earth system modeling - We will perform a series of Miocene sensitivity experiments with the
Community Earth System Model (CESM; Hurrell et al., 2013) to test if CO2 driven warming is able to
produce the previously observed δ18O (e.g., Carrapa et al., 2019 and references therein) and new paleodune and palynology signals, or if other mechanisms, such as Antarctic ice volume and orbital changes are
required. Our Earth system model configuration will include prognostic dust, water isotope tracers, and
dynamic vegetation (see Model Configuration Section), which will allow us to directly compare our
simulations with our proxy data as well as data from previous proxy studies. These simulations will help
2

quantify the climate responses of the SAMS to an ancient warming event, and determine how applicable
this warming event is to current and future climate change scenarios. The model experiments will also
provide constraints on the larger scale Earth system changes that may have taken place during the midMiocene. Further, these simulations will add to a publicly available suite of paleoclimate CESM simulations
previously performed by PI Tabor and his collaborators.
Our goals and objectives are to: 1) Constrain mid-Miocene climate variability through a multiproxy study of the transition from eolian to fluvio-lacustrine deposits preserved in the Central Andes; 2)
collect additional geochemical and palynological data from pedogenic carbonate nodules and lacustrine
shales, which, along with published datasets, will be used to reconstruct paleoclimate; and 3) perform a
suite of sensitivity experiments using a water isotope tracer-enabled Earth system model configured with
Miocene boundary conditions to both validate the model with this potential future-analog paleoclimate state
and disentangle the mechanisms driving Miocene climate evolution in the Central Andes. Results from this
study will inform modeling predictions of future global warming.

The continental record of mid-Miocene global warming from the Central Andes

The early and mid-Miocene represent a generally warm climate (Kürschner et al., 2008) coupled
with significant carbon cycle perturbation (Holbourn et al., 2015) and high pCO2 concentrations (Foster et
al., 2012; Zhang et al., 2013). The MCO can thus help understand Earth’s response to abrupt global warming
and inform Earth system models used to predict future climate. The MCO, with peak warmth at 15.6 Ma
(Holbourn et al., 2015), represents the warmest phase in Earth history over the last ~35 million years
recorded both in the ocean and on land (Kurschner et al., 2008). A recent study of planktonic foraminifer
δ11B (Sosdian et al., 2018) shows that the lowest pH (~7.6) in the last 22 Myrs was achieved in the MCO
with CO2 values up to 600 ppm. Atmospheric CO2 is over 405 ppm today and is predicted to be near 930
ppm in the year 2100 under a “business-as-usual” emissions scenario (IPCC, 2014). This increase in CO2
would cause a 25% increase in ocean acidity, lowering pH of the oceans from around 8.1 to less than 7.8.
These values are similar to what is observed in the MCO (Sosdian et al., 2018).
The Central Andes of NW Argentina provide an ideal natural laboratory in which to study climate
change during Miocene warm intervals. The Central Andes include the Puna Plateau of NW Argentina,
which is part of the larger Puna-Altiplano plateau and is characterized by high elevations (>4000 m) and
some of the most extreme environments on Earth (e.g., Alonso et al., 1991; Strecker et al., 2007).
Topography of the Central Andes at the study locations (Fig. 2) was largely similar to modern by Miocene
time (Canavan et al., 2014; Carrapa et al., 2014; Quade et al., 2015); thus, a study of the Miocene climate
record provides a window into extreme paleonvironmental conditions, which can serve as analogues for the
future. Paleoclimate proxy data from the Central Andes have shown that changes in hydroclimate during
the Late Miocene were related to changes in Hadley circulation leading to increased aridification, which in
turn affected plant and mammal evolution across the continent (Carrapa et al., 2019).
Our proxy sample sites (Fig. 2) are located towards the southwestern portion of the South American
Monsoon System (SAMS; Raia and Cavalcanti, 2008). Upwards of 80% of annual precipitation in this
region occurs from October to March (Ferrero and Villalba, 2019). The seasonal contrast in precipitation
in this region is ultimately tied to the large-scale flow of the SAMS, which is induced by temperature
contrast between the continent and the ocean (e.g., Lenters and Cook, 1995; Garreaud et al., 2003; Vera et
al., 2006; Garreaud et al., 2009). The onset of the wet season begins in October and concludes in April
(Marengo, 2001; Grimm et al., 2005). During this period, strong convection and latent heat release over the
Amazon basin generate an upper level high and near surface low (Lenters and Cook, 1997; 1999). These
circulation features work in combination with topography of the region to produce the South American
Low Level Jet (SALLJ), which helps transport moisture further south along the eastern edge of the Andes
(e.g., Campetella and Vera, 2002; Nogues-Paegle and Mo, 2002; Liebmann et al., 2004; Marengo et al.,
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2004). At our data collection sites
moisture sourced from the Atlantic
and recycled within the Amazon basin
is carried by the SALLJ, precipitating
as it rises up the eastern flanks of the
Central Andes. Not surprisingly,
precipitation amount is linked to the
strength of the SALLJ, and there
appears to be an inverse relationship
between the strength of the South
Atlantic Convergence Zone (SACZ),
which is produced by moisture
convergence between the continental
low and South Atlantic high, and the
strength of the SALLJ (e.g., Jones and
Carvalho, 2002; Vera et al., 2006;
Carvalho et al., 2011). When the
SACZ is weak, the SALLJ is strong,
resulting in greater precipitation over
the target region.
The drivers of SAMS
variability are complex. Among other
signals, there are clear imprints of the
El Nino Southern Oscillation (ENSO)
and Pacific Decadal Oscillation
(PDO) on precipitation in the SAMS
region (e.g., Vuille, 1999; Grimm et
al., 2000; Paegle and Mo, 2002;
Garreaud et al., 2009). Looking
forward, the CMIP5 models suggest
that climate change will affect the
SAMS over the coming decades, with
increases in both duration and
amplitude of the wet season as the effects of anthropogenic climate change become more pronounced (Jones
and Carvalho, 2013). Likewise, the previous generation of climate models (CMIP3) and regional models
showed a similar response of the SAMS to future warming (Vera et al., 2006; Seth et al., 2010; Marengo et
al., 2010); most models simulate increased precipitation in our study region. Further, although the
observational period is limited, instrumental records suggest precipitation has increased in the SAMS (e.g.,
Skansi et al., 2013), particularly in our proposed sample region, but there is some variability in response
with elevation (Castino et al., 2017). Despite these lines of evidence, it remains unclear if the current SAMS
response is a transient feature of global warming and if large-scale climate changes in the coming decades
to centuries may further amplify its intensity.
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We know that under current conditions the
SAMS interacts with evapotranspiration over the
Amazon basin and cold air coming from the midlatitudes (e.g., Li and Fu, 2006; Collini et al., 2008; Ma
et al., 2011). However, studies of future changes in the
SAMS rarely consider longer-term consequences of
climate change, such as vegetation redistribution (Alo
and Wang, 2008) and Antarctic ice shelf collapse
(DeConto and Pollard, 2016). Isotopic studies show that
in the recent past (~2 ka – 0 ka) the strength of the SAMS
appears to be indirectly linked to the position of the
ITCZ, which depends on the energy balance between
hemispheres (Vuille et al., 2012; Frierson and Hwang,
2012; Donohoe et al., 2013). Vuille et al. (2012) find that
when the ITCZ is shifted south, South American
precipitation δ18O values decrease. This study and others
(e.g., Cruz et al., 2009; Poulsen et al., 2010; Kanner et
al., 2012; Insel et al., 2012; Fiorella et al., 2015; Carrapa
et al., 2019) demonstrate the power of water isotope
measurements and water isotope enabled models to track
changes in the hydrological cycle in South America over
a range of temporal scales. Further, past modeling studies
of orbital change suggest significant responses in the
SAMS (e.g., Prado et al., 2013; Liu and Battisti, 2015).
Figure 3. Compilation of pedogenic
With our proposed model simulations, we will simulate
carbonate δ18O data from basins in
the climate and isotopic responses to changes in
Argentina just north (purple) and south
vegetation, orbit, and ice volume under mid-Miocene
(blue) of 30°S (Carrapa et al., 2019, and
climate conditions. By comparing with our new and
references therein). Red arrows point to
18
compiled proxy records, we will both determine the
intervals of increasing δ O values. Gray
mechanisms that drove SAMS changes during the midshaded bands mark the MCO and Late
Miocene Cooling (LMC) events.
Miocene and see if significant changes in vegetation and
ice volume can be expected with continued warming.
Sedimentological and geochemical data suggest that arid conditions may have been in place locally
starting in the Oligocene and were established by the Pliocene (e.g., Vandervoort et al., 1995; BywaterReyes et al., 2010; Fosdick et al., 2017). However, available data are sparse and do not allow discrimination
among mechanisms for aridification through the early to mid-Miocene. Early-mid Miocene paleo-dune
deposits are widespread in the Central Andes and often transition into thick lacustrine deposits like in the
Arizaro basin, Corral Quemado and Tonco Valley, right at the MCO transition. This unique sedimentary
history provides an opportunity to understand the regional record of hydroclimate.
New data (stable isotopes from pedogenic carbonates and palynology) will be integrated with
existing geochemical and paleontological data (Fig. 3; e.g., Marshall and Paterson, 1981; MacFadden et al.,
1994; MacFadden et al., 1996; Lopez et al., 2010; Ruskin et al., 2011; Cotton et al., 2014; Hoke et al., 2013;
Madden, 2014) to examine the response of the paleoenvironment and ecosystem to changes in climate over
1000 km latitude (Fig. 2) across the MCO. This new multi-proxy record will fill one of the most
consequential data gaps in paleoclimate and will provide constraints on the age and distribution of extreme
environments during a time of climate warming, which can constrain the evolution of the SAMS and Hadley
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circulation in climate models (e.g., Carrapa et al., 2019) with important insights on the response of the
environment to rapid global warming.
A compilation of pedogenic carbonate δ18O data from this region (Fig. 3) shows jumps in δ18O
values are evident across the MCO (~15 Ma) and the LMC (~6 Ma) with a third, unrecognized increase in
δ18O values at ~10 Ma. This record, while compelling, is coarsely sampled and reflects a strong latitudinal
bias; younger sections capturing the LMC are primarily found to the north and older sections recording the
MCO are biased to the south. Our intent is to increase resolution and sampling density, both temporally and
spatially, in an effort to enhance the climate signal recovered from these pedogenic carbonates. When these
data are combined with vegetation information provided by palynology and additional meteoric water
isotopic data from volcanic ashes, we will have a large proxy dataset comprising multiple, independent
lines of evidence for testing patterns and trends generated from our climate simulations.
Testing hypotheses and predictions
Here, we propose to test the hypothesis that continued warming will intensify the SAMS by
exploring the transition to a warm climate in Earth’s past. Our combination of proxy records and Earth
system model simulations will allow us to test the response to increased CO2 as well as potential
exacerbating feedbacks such as vegetation, cryosphere, and ocean circulation changes. Such feedbacks
could also occur with future climate change. We expect that a combination of events will act to strengthen
the SAMS. First, increasing CO2 from the early to mid-Miocene will allow more evaporation over warmer
Atlantic surface waters, driving an earlier onset of the SAMS as seen in future climate projections (Jones
and Carvalho, 2013); the opposite response was found in simulations of the SAMS at the Last Glacial
Maximum (LGM) (Cook and Vizy, 2006). Warming will also weaken the latitudinal temperature gradient,
and therefore, general circulation, which will help regional flow, such as the SAMS, to dominate (Carrapa
et al., 2019). In addition, warming has potential to cause retreat of the Antarctic ice sheet (e.g., Liebrand et
al., 2011; Foster et al., 2012; Levy et al., 2016), which will shift the absorption of hemispheric energy
(Donohoe et al., 2013). This will shift the ITCZ southward as well, leading to increased moisture availability
for the SAMS and eastern Andean flanks (Vuille et al, 2012). As observed seasonally today, the SACZ and
Hadley Cell will shift southward with warming, allowing the SALLJ to bring in greater moisture from the
Amazon basin (e.g., Gonzalez and Vera, 2014; Grimm and Saboia, 2015). Finally, the increased CO2,
reduced Hadley cell subsidence, and greater moisture will increase vegetation density in South America,
providing additional moisture for the SAMS (Baker and Allen, 1994; Ma et al., 2011).
Our hypothesis calls on a complex series of events to amplify the SAMS during the MCO.
Fortunately, we will be able to test these expectations within our proposed proxy and modeling framework.
Our paleo-dune records will provide detailed information on seasonal changes in circulation (Loope et al.,
2001; Eastwood et al., 2012), helping to quantify response in the large-scale flow and SALLJ. Moreover,
palynology records will help us understand the vegetation response of Central South America (Garralla et
al., 2016), and isotopic records will help us identify the potential for variations in rainout, moisture sources,
and moisture recycling to the SAMS with warming (e.g., Vuille et al, 2012). These records will provide the
necessary constraints to determine what combination of forcings were responsible for SAMS climate
change across and during the mid-Miocene. Given the large number of semi-independent proxies, it is
unlikely that multiple model simulation scenarios will provide an equally good agreement. Therefore, we
expect to find a unique set of forcings that drove climate change in SAMS during the transition to the MCO.
With these constraints, we will be able to use our “best match” model simulations to create a scenario of
global climate change during the mid-Miocene. These best-fit simulations can then be used to explore MCO
climate in other regions of the world as well as help inform on future climate changes.
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Proposed research
Multi-proxy data
We plan to collect three different types of new paleoclimate datasets: physical sedimentology of
paleo-dunes to reconstruct paleowind patterns and sources of dust; stable isotope geochemistry of
pedogenic carbonate nodules to determine hydroclimate; and palynologic and carbon isotope data from
pedogenic carbonate nodules to determine vegetation history. We include samples from the early Miocene
because in order to understand the impact of climate change during the MCO we need to determine the
climate immediately before the MCO. We plan to determine timing of deposition and changes in
paleoclimate through time via zircon U-Pb geochronology of volcanic ashes and co-magmatic zircons
preserved in the targeted sections. Several data already exist from these localities (e.g., DeCelles et al.,
2011; Carrapa et al., 2012) and we plan to augment the existing record by adding the details necessary for
the climate modeling exercise.
Physical sedimentology as a record of climate variability: The physical characteristics of eolian
dunes such as internal architecture (size and orientation of cross-strata and characteristics of bounding
surfaces) and grain-size are a function of dune interactions, wind speed and direction and can provide
important information on eolian dynamics and global climate circulation (e.g., Parrish and Peterson, 1988;
Day and Kocurek, 2017). Physical models of dune deposits from a few localities in the Puna Plateau show
differences between paleo- and modern dunes (Steinmetz et al., 2018). These preliminary data show the
potential to exploit the record of paleo-dunes to understand changes in wind directions and strengths
through time. We plan to conduct grain-size analyses following the approach described by Eastwood et al.
(2012) to determine primary wind direction and speed for paleo-dunes. Depositional cycles in paleo-dunes
have been recognized in several paleo dunes deposits and interpreted to represent annual climate cycles and
monsoonal type conditions (e.g., Loope et al., 2001). We plan to identify grainflow packages within
paleodune deposits as a record of annual and seasonal climate variability (Fig. 4C, D).
Stable Isotope geochemistry as a record of hydroclimate and vegetation: δ18O and δ13C values of
pedogenic carbonate nodules are used as a proxy for variations of soil water δ18O and soil organic matter
δ13C, and hence carry information about hydroclimate and vegetation (Cerling, 1999). Changes in soil water
δ18O are a function of elevation, moisture condition, moisture source, and rainout history (Cerling, 1984).
The δ13C of pedogenic carbonate is a function of concentration and δ13C of atmosphere CO2, and δ13C of
soil respired CO2. Variations of the latter are primarily dominated by the photosynthetic pathway favored
by different plant species (C3, C4, or crassulacean acid metabolism photosynthesis) (O’Leary, 1981), which
in turn is modulated by environmental conditions experienced by plants during growth (Körner et al., 1991).
These records will be complemented by hydrogen isotope analysis of volcanic glass recovered from
associated ashes, which provide a secondary means of measuring the isotopic composition of meteoric
water from an area (Canavan et al., 2014). Combined, δ18O values from pedogenic carbonates and δ2H
values from volcanic ashes can provide a more detailed account of the hydroclimate of a region by serving
as coarse measures of the degree of evaporative enrichment in oxygen isotopic compositions of soil versus
meteoric water (Carrapa et al., 2014).
We plan to add to the existing datasets shown in Fig. 3 by adding pedogenic carbonate nodule
samples from the mid-Miocene of the Corral Quemado basin and Tonco Valley, which preserve the
appropriate material for stable isotope analyses. Three or more soil nodules will be collected from multiple
levels within each paleosol at depth of 30 cm or more below the upper horizon. Matrix samples (~5 g) will
be taken from each level for trace element analysis and detailed notes and photos will be taken of the soils
to reconstruct soil type and developmental history. Ash samples will be taken as splits from those collected
for dating (section 3.2 above). These materials will then be prepared for δ13C, δ18O, δ2H in order to
reconstruct the precipitation history, vegetation composition, and elevation of the region. Pedogenic
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carbonates and ashes will be prepared for analysis by the UW PhD student and δ13C, δ18O, and δ2H analyses
will be conducted at University of Wyoming Stable Isotope Facility (UWSIF).
Palynological analyses as a record of vegetation and climate: Fossil palynomorphs provide a direct
measure of the abundance and composition of vegetation within a location. While δ13C values of pedogenic
carbonates provide information regarding the proportion of plants favoring a specific photosynthetic
pathway (C3 vs. C4), palynology offers further insight by providing a detailed picture of specific plants that
made up past floras. Based on present understanding of the environmental preferences and tolerances of
plant taxa, a more nuanced and accurate idea of the temperature, precipitation, and seasonal extremes
experienced at a location can be ascertained. We plan to compile mid-Miocene palynology records for the
region and combine these with new datasets generated for lacustrine facies from the Arizaro Basin, Corral
Quemado basin, and Tonco Valley (Figs. 2, 3). Palynomorphs will be chemically extracted from sediments
following standard acid-base-acid procedures (Faegri et al., 1989) and then counted to minima of 300
terrestrial palynomorphs, identified to the lowest possible taxonomic level. Pollen counts will be converted
to percentages and plotted by stratigraphic position and time.
Geochronology for age constraints: Zircon U-Pb geochronology of volcanic ashes and co-magmatic
detrital zircon grains is the best approach to determine the depositional age of continental strata (e.g.,
DeCelles et al., 2007). The presence of an active, long-lived arc in the Central Andes provides a continuous
supply of co-magmatic zircons to the detrital record allowing for the age of deposition to be accurately
determined. Preliminary results from paleo-dunes from the Puna Plateau (e.g., Arizaro basin; DeCelles et
al., 2015) and from the Eastern Cordillera of NW Argentina (e.g., DeCelles et al., 2011; Carrapa et al.,
2014) show that detrital zircon U-Pb geochronology can provide maximum depositional ages for Miocene
deposits. In particular, these data indicate the presence of extensive paleo-dune fields in the early to midMiocene (21-14 Ma). Unpublished data from paleo-dunes in Corral Quemado basin (southern Puna Plateau)
suggest eolian deposition at ca. 17 Ma (Carrapa, unpublished). With this study we plan to complement
existing work by better dating paleo-dune fields at key localities (Fig. 2). Available magnetostratigraphic
data (B.K. Horton, unpublished; see letter of support) from the Arizaro basin will be combined with
geochronological data and used to determine exact ages of lacustrine deposits and to determine large climate
variations on orbital timescales during the MCO. This will allow us to test the hypothesis that the MCO
transition is related to astronomically modulated changes in the global carbon cycle.
We plan to conduct detrital zircon U-Pb geochronology at the Laserchron Center in the Department
of Geosciences at the University of Arizona, a state-of-the-art laboratory specializing in analyses of detrital
zircons. U-Th-Pb analyses are conducted by laser-ablation multi-collector ICPMS utilizing a Photon
Machines Analyte G2 Excimer laser connected to a Nu Instruments HR ICPMS or to a Thermo Scientific
Element2 ICPMS. These instruments are able to determine U-Th-Pb ages for zircon with a precision of ~23% (2-sigma) for an individual determination (e.g., a detrital zircon grain) and an accuracy of ~1-2% for a
set of ~10 measurements (e.g., set of detrital or comagmatic igneous grains). Most analyses are conducted
with a laser beam diameter of 10 to 35 microns and a pit depth of 4-15 microns. For detrital studies, a
sufficient number of grains are analyzed such that the main population groups are each represented by ~50
analyses. We plan to analyze 1000 grains per detrital sample (10 samples). For volcanic ashes we plan on
200 analyses per sample (10 samples). Analyses will be conducted by the UA PhD student at the Laserchron
lab in years 1 and 2 of this project.
Field sites
We have selected locations previously investigated by the authors and containing suitable material
for the type of analyses proposed in this research (Fig. 2). We plan to build on previous knowledge by leadPI Carrapa to add the level of resolution necessary to inform our climate modeling exercise.
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The Arizaro basin (~24oS) is the largest depocenter on the Puna Plateau of NW Argentina and
preserves ~2500 m of Neogene continental deposits. The section starts with lower to mid-Miocene eolian
deposits and continues with upper Miocene lacustrine to fluvial deposits (Fig. 4). This sequence contains
numerous volcanic ashes, some of which have been dated (DeCelles et al., 2015); however, several ashes
remain to be dated and would provide a record of deposition at the half-million-year scale. This new dataset
will be combined with existing and magnetostratigraphic data (B.K. Horton, unpublished). The midMiocene lacustrine section provides a rich record of paleoenvironmental conditions. Physical
sedimentology of dunes will be applied to determine wind patterns and source and direction of sand and
dust. Palynological records from the lacustrine sequence will be used as proxy for vegetation and climate.
The Monte Nieva (~25oS) depocenter contains a thick section (~800 m; DeCelles et al., 2011) of lower to
mid-Miocene eolianites, which provide an opportunity to study the provenance, wind strengths and
variability across the MCO (Fig. 4). The Tonco Valley (~26oS) depocenter contains a 200 m-thick eolian
section that transitions into fluvio-lacustrine facies. Several ash beds and abundant pedogenic carbonate
nodules are preserved. The Corral Quemado basin (~28oS) preserves ~100 of eolian deposits dated at ~17
Ma (preliminary data by PI Carrapa), which transitions into lacustrine and fluvial deposits rich in ashes and
pedogenic carbonate nodules. Some work on pedogenic carbonate nodules (LaTorre et al., 1997) shows
variations in δ18O values in the upper Miocene in response to climate; however, the mid-Miocene record of
deposition has not been exploited. Physical sedimentology and geochronology of eolian deposits, plus
stable isotope geochemistry of pedogenic carbonate nodules combined with dating of ashes and
palynological data from lacustrine facies will determine temporal changes in hydroclimate and vegetation.
Earth system modeling
Model configuration - We propose a total of seven Miocene experiments (Table 1). Here, we will
use the Community Earth System Model version 1 (CESM; Hurrell et al., 2013) configured with the
Community Atmosphere Model version 5 (CAM5; Neale et al., 2010). CESM is a frequently employed
Intergovernmental Panel on Climate Change (IPCC)-class Earth system model that can accurately simulate
atmosphere, land, ocean, and sea-ice processes. Of particular relevance to this proposal, CESM has been
shown to well simulate climate in our study region (Lovino et al., 2018). Further, CESM with CAM5 can
well replicate a wide range of past climate states including the Early Eocene (Zhu et al., 2019a), the Pliocene
(Feng et al., 2019), and the Last Glacial Maximum (Zhu et al., 2017). CESM has a relatively high, nonlinear climate sensitivity related to improved cloud microphysics that allows it to better capture the high
climate sensitivity of many past warm climate states (Zhu et al., 2019b). PI Tabor is well versed in setting
up CESM for paleoclimate application, having previously configured various versions of CESM for deeptime and recent-past simulations (Tabor et al., 2016; 2018; Feng et al., 2017; Zhu et al., 2017). He is also
currently performing high-resolution simulations of the LGM with water isotope tracers.
We will use CESM with the addition of water isotope tracers of 16O, 18O, 2H, and 3H (iCESM;
Brady et al., 2019); model physics and dynamics are identical to the default CESM code. Studies
demonstrate high fidelity between iCESM simulations and present-day distribution of δ18O (e.g.,
Nusbaumer et al., 2017; Brady et al., 2019). Other model-proxy and observation-based comparisons
highlight the value of comparing water isotope enabled models with proxy records in South America,
elucidating important contributions from rainout, precipitation efficiency, and large scale circulation
changes (e.g., Poulsen et al., 2010; Vuille et al., 2012; Insel et al., 2012; 2013; Liu and Battisti, 2015;
Fiorella et al., 2015).
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Figure 4. Early to midMiocene paleodunes and
overlying
lacustrine
deposits from (A) the
Arizaro basin; (B) Tonco
Valley
basin.
C)
Example of annual
cycles in paleodunes
from the Jurassic Navajo
Formation (Loope et al.,
2001) and proposed
evolution
model
(packages of 20 ± 50
grain
flow
beds
produced
by
the
avalanching of dry sand
as dunes migrated under
the
influence
of
northwesterly
winds;
and (2) wedges of wind
ripple laminae that
overlie
erosional
surfaces produced by
along slope winds that
reoriented the dune crest
and
moved
sand
obliquely
up
the
southeast-facing slope).
D. Possible annual
cycles in paleodunes
from the Monte Nieva
section.
This version of CESM also includes prognostic dust simulation (Zender et al., 2003; Mahowald et
al., 2006), which will allow for direct comparison with the proposed dune sampling. The prognostic dust in
CESM has been used previously for interpretation of paleoclimate records (e.g., Mahowald et al., 2006;
Albani et al., 2016). In addition, all of the proposed experiments will include dynamic atmosphere with
prognostic aerosols (Neale et al., 2010), land with carbon and nitrogen cycling (Lawrence et al., 2012) and
dynamic vegetation (DGVM; Levis et al., 2004), dynamic ocean (Danabasoglu et al., 2012), and sea-ice
(Hunke and Lipscomb, 2008) components. We will use two model resolutions to both create equilibrium
climate states and well resolve regional climate features. For all simulations discussed below, we will begin
with a 1.9 x 2.5° finite volume atmosphere and land grid coupled to a nominal ~1o resolution ocean and
sea-ice grid; this is the default low resolution configuration of CESM. After reaching an upper ocean
equilibrium state (~2000 years of simulation), we will transition to a 0.46° x 0.62° atmosphere and land
grid and run for an additional 100 years. Despite a greater computational cost, the high model resolution is
critical for accurate simulation of the wind field and orographic precipitation near the study sites (e.g.,
Marengo et al., 2010; Insel et al., 2010; Kitoh et al., 2011; Solman, 2013) (Fig. 5). Although previous Earth
system modeling studies have explored climate sensitivity at the MCO (You et al., 2009; Henrot et al.,
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2010; Herold et al., 2011; 2012; Krapp and Jungclaus, 2011; Hamon et al., 2012; Goldner et al., 2014),
none had the ability to simulate prognostic dust and water isotope tracers, and none used sufficiently high
resolution to capture important topographic features of the Andes. Further, the greater climate sensitivity
of CESM will help us overcome many of the challenges presented in these previous works.
Experiment

CO2 (ppm)

Ice

Orbit

Miocene Control

450

Moderate Antarctic

Preindustrial

High CO2

560

Moderate Antarctic

Preindustrial

Low CO2

280

Moderate Antarctic

Preindustrial

Large Ice Sheet

280

Large Antarctic

Preindustrial

Small Ice Sheet

560

Small Antarctic

Preindustrial

High Summer Insolation

560

Small Antarctic

High Austral Summer

Low Summer Insolation

280

Large Antarctic

Low Austral Summer

Table 1: All proposed model simulations. See text for details and justification.

Computing time for these simulations will come primarily from the NSF sponsored Cheyenne
supercomputer, by way of a large allocation request. PI Tabor has successfully written several large
allocation requests in the past and currently serves on the review panel (CISL High-performance computing
Allocations Panel; CHAP). Initial model setup and testing will be performed on the High Performance
Computing (HPC) at the University of Connecticut (UConn) where PI Tabor has access several hundred
cores and ~100 TB of storage.
Model Simulations
MCO control - We will configure our control mid-Miocene simulation using the boundary
conditions discussed in Goldner et al., (2014), including topography from Herold et al. (2011) and total
solar irradiance from Gough (1981). Instead of using the vegetation reconstruction map of Herold et al.,
(2010), which includes a semi-vegetated Antarctica and ice free Greenland, we will use a dynamic
vegetation model component (DGVM; Levis et al., 2003), which we have worked on configuring with
CESM (Tabor et al., 2016). Aerosols that are not prognostic will be prescribed following the methods in
Tabor et al. (2016). For our control case, we will use 450 ppm CO2, a rough average of recent mid-Miocene
estimates (Kürschner et al., 2008; Foster et al., 2012; Zhang et al., 2013; Greenop et al., 2014; Bolton et al.,
2016; Super et al., 2018). For easier comparison with previously performed present-day simulations, our
control experiment will use the preindustrial orbital configuration. Likewise, all greenhouse gases, aside
from CO2, will be set to preindustrial levels.
The elevation of the Andes and Altiplano can impact SAMS dynamics (e.g., Poulsen et al., 2010;
Insel et al., 2010; Garzione et al., 2017). Although debate remains about the uplift timing of the Andes in
Bolivia, the elevations are fairly well constrained for the mid-Miocene in NW Argentina (Canavan et al.,
2014; Carrapa et al., 2014; Quade et al., 2015). Here, we are exploring a relatively rapid warming transition
that is recorded in proxies around the world (e.g., Goldner et al., 2014 and references therein). Therefore,
the effects of small topographic changes in South America across the MCO are of secondary importance
for addressing our hypothesis. Our sensitivity tests (see below) will branch from this control simulation.
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CO2 sensitivity Although a consensus is
slowly growing about
mid-Miocene
CO2
concentrations,
large
uncertainties
persist
(e.g., Super et al., 2018).
Some reconstructions
also
suggest
large
swings in CO2 occurred
within the mid-Miocene
(Greenop et al., 2014).
Figure 5. Contrasting simulated Central South American precipitation from lowSeveral previous MCO
and high-resolution configurations. A) Average February precipitation of a random
modeling studies have
year during the preindustrial at low resolution and B) high resolution. This figure
struggled to produce the
exemplifies the importance of high spatial resolution for capturing regional
reconstructed warmth of
orographic precipitation in the Central Andes.
the
period
using
reconstructed CO2 concentrations (e.g., Krapp and Jungclaus, 2011; Herold et al., 2011; Goldner et al.,
2014). Although CESM-CAM5 has a higher, somewhat non-linear climate sensitivity that better captures
past warm states (Feng et al., 2019; Zhu et al., 2019a), the high sensitivity estimates of past MCO
reconstructions remain a challenge. Given all of this, we will explore the range of CO2 reconstructions
including our 450 ppm CO2 control, a 560 ppm CO2 high-end, and a 280 ppm CO2 low-end. Although 560
ppm CO2 is at the upper end of most CO2 reconstructions, it is possible that other greenhouse gases that
cannot be reconstruction such as CH4 were also elevation during this interval. Given the many interactive
components of our model such as vegetation, aerosols, and ocean circulation, we should be able to capture
all of the primary Earth system responses to CO2 increase including ENSO, aside from changes in ice
volume (see below). We will compare the climate responses to changes in CO2 concertation against our
South America proxy reconstructions to determine if CO2 alone is sufficient to produce the mid-Miocene
transition in this region.
Ice volume sensitivity - Multiple ice volume and sea level records suggest a dynamic and often
smaller Antarctic ice sheet during the early to mid-Miocene (e.g., Miller et al., 2005; Pekar and DeConto,
2006; Liebrand et al., 2011; Shevenell et al., 2008; Levy et al., 2016). These reconstructions are supported
by a series of modeling studies that demonstrate the Antarctic ice sheet was highly sensitivity to relatively
small changes in climate (e.g., Gasson et al., 2016). Several reconstructions suggest that the Miocene
Antarctic ice volume extent is controlled by these relatively small changes in atmospheric CO2
concentration (e.g., Foster et al., 2012; Badger et al., 2013). Although our model configuration does not
allow for direct simulation of the Antarctic ice sheet, we will explore the impact of different extents on
South American climate. Our control simulate is configured with moderate Antarctic ice volume (Herold
et al., 2011). However, during the MCO, some estimates have Antarctic ice volume at less than 25% of
present-day (e.g., Pekar and DeConto, 2006; Shevenell et al., 2008). On the other hand, the low end of CO2
estimates make it unlikely that the size of the Antarctic ice sheet was significantly smaller than presentday. Therefore, we will perform two additional simulation using the low and high Antarctic ice volume
estimates from Gasson et al. (2016). The low ice volume estimate will be paired with our high CO2 of 560
ppm and the high ice volume estimate will be paired with our low CO2 of 280 ppm. This change Antarctic
ice volume has the potential to modify the locations and intensity of deep water formation as well as the
interhemispheric balance of energy. Both of these changes have the potential to alter large-scale circulation
pattern, which could impact climate of the SAMS (Vuille et al., 2012). Previous modeling has shown
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interesting teleconnections as a result of Antarctic ice volume change (Hamon et al., 2012). To capture the
first order isotopic effects of ice volume change, we will adjust sea water δ18O according to the δ18O of
precipitation falling over the ice sheet and ice sheet size (Gasson et al., 2016).
Orbital sensitivity - Records and simulations show that the SAMS region has large climate
variations on orbital timescales, particularly in response to changes in precession (e.g., Cruz et al., 2009;
Kanner, 2012; Liu and Battisti, 2015). Previous modeling works also demonstrated significant orbitally
driven climate variability during the Miocene (e.g., Goldner et al., 2014; Marzocchi et al., 2015). Further,
some studies suggest a possible change in Miocene carbon cycling related to changes in orbital (Holbourn
et al., 2007; 2015; Tian et al., 2013). Although we will be unable to directly simulate the carbon cycle, the
ocean and vegetation responses should provide clues about the carbon cycle response. To capture the
response of South American climate to orbital change during the mid-Miocene, we will perform two
additional end-member simulations. An orbital configuration with low southern hemisphere austral summer
insolation will be combined with our low CO2 large Antarctic ice sheet configuration and an orbital
configuration with high southern hemisphere austral summer insolation orbit will be combined with our
high CO2 small Antarctic ice sheet configuration. Our orbital end-members will come from the
combinations of precession, obliquity, and eccentricity that produce the maximum and minimum austral
summer insolation across the mid-Miocene (Laskar et al., 2011). These additional simulations will capture
the full range of climate states during the mid-Miocene.
Work plan
Year 1: fieldwork, initial analyses and initial modeling setup
PIs Carrapa and Clementz and students will conduct fieldwork and students will start mineral separation
and analyses. PI Tabor will begin to setup and test the Miocene simulations on the UConn HPC cluster.
Once the model is properly configured, he will work with a graduate student to write a computational
allocation request to Computational Information Systems Laboratory (CISL) at NCAR. The graduate
student will continue to run the simulations on the Cheyenne supercomputer.
Year 2: fieldwork, data analyses and modeling
PIs Carrapa and Clementz and graduate students will complete fieldwork and continue data analyses (stable
isotope, palynology, geochronology). PI Tabor will complete the Miocene simulations during year 2. With
the assistance of the graduate student, PI Tabor will begin post-processing model outputs and transferring
data to a personal server at UConn. PI Tabor will also recruit a Geosciences major for undergraduate
research assistance.
Year 3 data integration and final modeling
We will complete geochemical, sedimentological and geochronological data analyses of continue analyze
the model results. Comparisons between will the proxies and model simulations will begin. We will writeup the findings of our research in a series of papers and present our finding at several large conferences
(e.g. AGU).
Broader Impacts
Presently, millions depend on the water resources provided by the South American Monsoon
System (Grimm, 2011). Both models and observations suggest the effects of climate change have already
begun to impact this region and will become more pronounced in the future (Jones and Carvalho, 2013;
Skansi et al., 2013). Yet, how exactly this system will change in the coming decades to centuries, and what
feedbacks will be most impactful, remain uncertain. The data produced by this study will provide an
important new paleoclimate records for the Miocene that can help address these future climate concerns.
The data will benefit the geoscience community at large including sedimentologists and climate scientists,
and increase awareness about the importance of geological-paleoclimate data on future climate predictions.
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Given the impacts of our new data on climate model predictions and the educational components, this
project will significantly benefit society.
We plan to disseminate the results from this research through conferences, publications, and public
presentations. The College of Science at the University of Arizona has a long standing tradition in
organizing and delivering successful public lectures (UA Science Lecture series, which are attended by
>2000 individuals from the local community. We plan to leverage on these activities and share the science
from this project with the community via a series of lectures (e.g., in Tucson: SaddleBrook and Olli), which
will increase scientific awareness. PI Carrapa has been involved in outreach initiatives through senior
education by giving public scientific presentations at SaddleBrook retirement community (as part of the
College of Science – Science Café initiative), at Olli (Osher Lifelong Learning Institute) and the Arizona
Senior Academy. Science education of this sector of the community has significant impacts on politics and
economics. PI Carrapa is also involved in a new scientific initiative to bring together artificial intelligence
(AI) and Geoscience (as part of the new NSF 2026 Idea Machine competition). PI Carrapa and colleagues
from Computer Sciences and Geosciences have received small seed funds from the UA to start an
experiment using AI to distill scientific data. Their case study is on the effect of volcanic activity on global
climate change in the geological past. We plan to expand on this preliminary research and use results from
this study to implement this larger AI-Geosciences initiative.
This proposal will support an early career scientist (PI Tabor), two PhD students and several
undergraduate students. This proposal will not only advance their careers, but also promote continuing
collaboration with the universities involved in this project. Moreover, Tabor recently developed a course
on paleoclimatology at UConn. Results from this research will be integrated into the lectures on monsoon
variability and the course project. Further, model data associated with this work will be made publicly
available to the community (see Data Management Plan). As with previous Earth system simulations of the
Miocene, we expect that this data will be used by many groups within the geosciences to explore a wide
range of topics. Further, undergraduates working within Tabor’s Lab will be encouraged to explore these
mid-Miocene model outputs for interesting climate changes in other regions of the world. These findings
may serve as undergraduate research theses and spur future research projects. Finally, this proposal will
help develop the nascent Department of Geosciences at UConn.
This research will also enhance international collaborations with colleagues in Argentina (e.g.,
Ricardo Alonso, Universidad Nacional de Salta). Carrapa has extensive experience working in Argentina,
advising international and minority students and will oversee all steps of this project. Carrapa, Clementz
and Feng paper in PNAS in 2019 paved the road for future research in Miocene paleoclimate. Results from
this study will serve as a benchmark for future climate research. This project will be societally relevant in
several ways: it will produce new data, which will better constrain models for global warming, educate the
new generations of geoscientists, and educate the public through a series of public talks on climate change
issues. The University of Arizona is a Hispanic serving institution. Carrapa is actively committed to
involving Latino students into this project and has had experience with advising several undergraduate
minority students.
Clementz is currently involved in numerous undergraduate recruitment and educational initiatives
that will benefit from the experiences provided through this project. Two of these efforts involve hosting
and mentoring high school students from across the state and region who are interested in STEM careers:
the Summer Research Apprenticeship Program (SRAP) and the Wyoming Latina Youth Conference (WYLYC). SRAP brings STEM-focused high school students to UW over a 6-week interval in the summer to
gain experience working in a research lab, and the WY-LYC brings nearly 300 Latina middle and high
school students from across the state to UW for a 3-day workshop to learn about opportunities in STEM
education. Research conducted as part of this project can be integrated into presentations and activities
associated with these events.
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Results from prior NSF support
Carrapa: Collaborative Research: Stratigraphic signatures of orogeny, assessing the timing of initial
Andean crustal shortening (EAR- 0710724, $133,718, 07/07 – 06/10). Intellectual merit: this project
focused on the early foreland basin history in the central Andes with an integrated stratigraphic and
geothermochronological approach. Data from this study produced a new model of foreland basin
development for the Andes and allowed for discrimination of tectonics and climate forcing on
sedimentation. Broader impacts: It supported 1 postdoctoral researcher, 1 PhD student, 1 MS student, and
several undergraduate students. This project has produced several published papers (DeCelles et al., 2007,
2011, 2015; Carrapa and DeCelles, 2008; Bywater-Reyes et al., 2010; Carrapa et al., 2014).
Tabor: Collaborative Research: Multi-Time-Scale Climate Dynamics in California (CA): An Integrated
Multi-Proxy Stalagmite, Monitoring, and Modeling Approach (Number: AGS-1804747; co-PI Tabor’s
amount: $133,319, Date Range: 9/18-8/21). Intellectual merit: This project looks to better understand
hydroclimate variability of Southwest North America by generating a set of multiproxy calcite and fluid
inclusion records, resolved at the sub-decadal to centennial-scale, for stalagmites from Sierra Nevada, CA
since the last deglaciation. The speleothem records will be interpreted within the context of many other
paleoclimate reconstructions in the region and through comparison with a series of model simulations that
track water isotopic change during key intervals of the past 21 kyr. The modeling component, let by Tabor,
has already contributed to multiple presentations by the graduate students involved in the project (Wortham
et al., 2018 a, b; De Wet et al., 2019; Tabor et al., 2019 a, b, c) and several publications are in preparation.
Broader impacts: The project will help integrate under-represented high school and undergraduate
students into geosciences research by 1) bringing students into the Vertically Integrated Project at UC
Davis, which includes seminars, peer-mentoring, and team-based research in cave-monitoring, 2)
developing a climate science-based curriculum for Vacaville (CA) High School, a Hispanic serving
institution, and 3) creating an interactive cave exhibit involving a virtual reality research tour and 3-D
stalagmite reconstructions. In addition, this project provides support for a graduate student.
Clementz: Collaborative Research: Mechanobiology of a Resilient Bone Extracellular Matrix: A
Multiscale Perspective on How Bats Achieve Exceptional Mechanical Properties in their Wing Bones
(Number: CMMI-1537745, $155,621, 07/15-06/19). Intellectual Merit: This study examines the resilience
of bat bones to stresses incurred during flight by identifying the compositional innovations creating the
unusual mechanical properties and performance abilities of bat wing bones, and their molecular
underpinnings. The central hypothesis of this proposal is that the resilient phenotype is the result of
innovations in structural materials that are synthesized by bone cells with novel expression profiles and
extracellular matrix production. To test this hypothesis, two overall objectives will be pursued. First, the
resilient phenotype of bat bones along nanoscale, tissue, and whole bone levels of organization will be
characterized. Second, the cellular pathways responsible for the deposition and maintenance of this bone
matrix in vivo and in vitro will be identified. This project has produced several abstracts and a MS thesis
(Laker et al., 2017; Laker, 2018; Laker et al., 2018); more publications are in preparation. Broader
Impacts: Undergraduate students from NEOMED in Ohio and the University of Wyoming have active
contributors in lab-based research associated with this study as well as participating in outreach activities
at local middle and high schools in Ohio where, using the bat as a model, students are exposed to STEM
research in mechanobiology. These results have been disseminated to a broader audience through the
creation of a website on this subject as well as presentation at the Society of Vertebrate Paleontology and
the 8th Bone Diagenesis Meeting.
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