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Abstract. The Pliocene Epoch is a focus of scientific interest as a period of sustained global warmth, with
reconstructed CO2 concentrations and a continent configuration similar to modern. Numerous studies suggest
that the Pliocene was warmer and largely wetter than today, at least in the subtropics, which contrasts with
the long-term hydroclimatic response of drying conditions predicted by most climate model simulations. Two
key features of Pliocene warmth established from sea surface temperature reconstructions could affect dynamic
changes that influence the hydrologic cycle: (1) a weaker Pliocene zonal gradient in sea surface temperature
(SST) between the western and eastern equatorial Pacific resembling El Niño-like conditions and (2) polar-
amplified Pliocene warmth, supporting a weaker Equator-to-pole temperature gradient. The distribution of wet
conditions in western North America and the timing of late Pliocene–Quaternary aridification offer the potential
to evaluate the relative roles of these two external forcings of the climate in western North America, with broader
global implications for Mediterranean-type climate (MTC) regions. We convened a virtual ICDP workshop that
spanned a 2-week period in September 2021, to choose optimal drill sites and legacy cores to address the overall
scientific goals, flesh out research questions, and discuss how best to answer them. A total of 56 participants
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from 12 countries (17 time zones), representing a wide range of disciplines, came together virtually for a series
of plenary and working group sessions. We have chosen to study five basins (Butte Valley, Tule Lake, Lake Idaho,
Searles Lake, and Verde Valley) that span 7 ◦ of latitude to test our hypotheses and to reconstruct the evolution of
western North American hydroclimate with special focus on the time ranges of 4.5–3.5 and 3–2.5 Myr. Although
individual Pliocene lake records occur in many areas of the world, the western North American basins are
unique and globally significant as deep perennial freshwater Pliocene lakes latitudinally arrayed in a MTC region
and are able to capture a response to Pacific forcing. We propose new drill cores from three of these basins.
During the workshop, we discussed the stratigraphy and subsurface structure of each basin and revised the
chronological frameworks and the basin-to-basin correlations. We also identified the best-suited proxies for
hydroclimate reconstructions for each particular basin and put forward a multi-technique strategy for depth–age
modeling. Reconstructions based on data from these sites will complement the SST reconstructions from global
sites spanning the last 4.5 Ma and elucidate the large-scale hydrological cycle controls associated with both
global warming and cooling.

1 Introduction

The Pliocene Epoch has become the focus of scientific in-
terest as a period of sustained global warmth. With recon-
structed CO2 concentrations in the range of 350–450 ppm
and a continent configuration similar to modern, the Pliocene
is an appropriate analogue for testing the capabilities of nu-
merical models used to predict climate and ecological change
over the coming century. An array of geologic studies now
suggests that the Pliocene was warmer and largely wet-
ter, at least in the subtropics, than today, which contrasts
with the long-term hydroclimatic response seen in most cli-
mate models in response to elevated CO2 (Molnar and Cane,
2007; Ibarra et al., 2018; Lepar and Firk, 2015; Lukens et
al., 2019). But what caused wetter conditions in subtropi-
cal Mediterranean-type climate (MTC) regions (Rundel et
al., 2016) in the Pliocene, when theory and model simula-
tions indicate that these regions become drier with global
warming? Where were those sources of precipitation in these
MTC regions (Rundel et al., 2016; Fu et al., 2022), and how
did the hydroclimatic regime change with the onset of Pleis-
tocene glacial–interglacial cycles? Answering these and re-
lated questions requires a spatial gradient of high-resolution
multiproxy terrestrial paleoclimate records that are central to
ICDP’s Research Plan for 2020–2030 in the focus area of
environmental change and water resources.

Understanding the Pliocene hydrological cycle is a target
of the PlioWest project, as our ability to predict future hy-
droclimatic conditions may be limited by how well we repli-
cate these conditions during Pliocene peak warmth. We con-
vened a virtual ICDP workshop that spanned a 2-week period
in September 2021, to choose optimal drill sites and legacy
cores to address the overall scientific goals, flesh out research
questions, and discuss how best to answer them. The over-
arching plan of this workshop, to bring together an inter-
national group of scientists to work collaboratively on how
best to approach the question of causal mechanisms of wet-
ter conditions in the Pliocene in MTC regions, was success-

fully achieved despite the less-than-optimal, virtual meeting
format.

2 Workshop structure

The 2020–2021 global pandemic blocked our abilities to of-
fer an in-person international workshop in September 2020.
After a year’s postponement, we had hoped to offer a hybrid
workshop, with online sessions and an in-person component
to take place in Minneapolis, Minnesota, at the CSD Core
Lab facility. That model was also necessarily abandoned as
the pandemic persisted, and we embarked on an entirely vir-
tual workshop for 56 registrants from 12 countries, follow-
ing advertisement of the workshop with AGU and ICDP
(Fig. 1). The workshop took place as a series of meetings us-
ing Zoom and was completed over the month of September
2021 in 90 min sessions, co-chaired by Alison J. Smith (Kent
State University) and Emi Ito (University of Minnesota). The
workshop consisted of three plenary sessions, with the first
two plenaries each separated by 10 discussion group sessions
of 60–90 min length. These discussion groups were sepa-
rately scheduled events, with no more than six discussants
in any session. Plenary sessions included a few invited pre-
sentations followed by verbal summaries. All notes, presen-
tations, site data, and other relevant material were accessible
to the registrants through a web-based communication site.
In the final plenary session, consensus was reached on the
overall strategy and drill sites to be studied, and a develop-
ment timeline and action items were summarized about the
next steps towards completion of a compelling full ICDP pro-
posal. Focus groups were then identified to continue specific
work via Zoom meetings towards the completion of a drilling
proposal for submission to the ICDP. Because a seismic sur-
vey for one of the basins needs to be done, we are working
toward the January 2024 drilling proposal deadline.
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Figure 1. Statistics of the PlioWest workshop participants showing (a) locations of participants (shown as percentage and as actual number)
and (b) the distribution of expertise by percentage. The total number of registered participants was 56 from 12 nations.

3 Hypotheses regarding a wet Pliocene

Why the Pliocene was warmer and, in some regions, wetter
than conditions predicted for the end of this century is a chal-
lenging question with many societal implications. The pri-
mary mechanism leading to future projected drying in South-
ern California, and other MTC regions, is a thermodynam-
ically driven increase in the moisture transport divergence
from these regions (Seager et al., 2010; Seager and Vecchi,
2010). This mechanism follows a simple thermodynamic ar-
gument for how the hydrological cycle might respond to in-
creases in global temperature given the Clausius–Clapeyron
relation, whereby warm air can hold more moisture than cold
air (Held and Soden, 2006) (Fig. 2a). While limitations exist
in this first-order argument over land (Byrne and O’Gorman,
2015), climate model projections (Seager et al., 2010; Sea-
ger and Vecchi, 2010), and near-equilibrium simulations in

which CO2 is abruptly increased (Fig. 2a, c, e), do indeed
simulate the general drying of Mediterranean climate zones.

Substantial changes in atmospheric circulation (Burls
and Federov, 2017; Fu et al., 2021; Menemenlis et al.,
2022), which this simple thermodynamic expectation ne-
glects, could however act to counter subtropical drying and
lead to the opposite response – wetter subtropical conditions
(Fig. 2b, d, f). A paired latitudinal and longitudinal transect
of records as proposed here is the only research strategy able
to test these atmospheric circulation hypotheses by capturing
the north–south and east–west hydroclimatic gradients and
the temporal and spatial extent of these changes in moisture
delivery.

Pliocene surface temperature reconstructions show two
key features that climate models struggle to reproduce. These
have the potential to bring about atmospheric circulation
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Figure 2. An illustration of the competition between thermodynamically forced subtropical drying due to a global mean temperature increase
and the dynamically forced subtropical wetting due to weakening surface temperature gradients and hence atmospheric circulation, most
notably the Hadley atmospheric overturning circulation, schematically shown in (a) and (b). While there is some weakening of gradients,
under 4 × CO2 (4 × 280 ppm) (c, e), the global mean temperature change dominates (relatively speaking), leading to either reduced or nearly
unchanged annual mean precipitation in MTC regions. A strong reduction in gradients during the Pliocene leads to wetter conditions in
most MTC regions (d, f) despite global warming. The superimposed circles in panel (d) indicate Early Pliocene sea surface temperature
reconstructions, portrayed on a surface consistent with Early Pliocene proxy data. Adapted by Natalie Burls from Burls and Fedorov (2017,
Figs. 1 and 4).

changes that could have supported wetter conditions in west-
ern and other MTC regions across the globe.

One such feature is a Pliocene zonal gradient in sea surface
temperature (SST) between the western and eastern equato-
rial Pacific that is weaker than the present day, resembling El
Niño-like conditions (e.g., Chaisson and Ravelo, 2000; Wara
et al., 2005; Groeneveld et al., 2006; Lawrence et al., 2006;
Ravelo et al., 2006; Dekens et al., 2007; Herbert et al., 2016).
The atmospheric response to modern El Niño events leads
to an equatorward shift and eastward extension of the sub-
tropical jet, a strengthened Aleutian Low, and heavier win-
ter rainfall over the southwestern but not the northwestern
USA (e.g., Schonher and Nicholson, 1989; Trenberth et al.,
1998; Seager et al., 2010), with a somewhat similar response
projected for the future in models that include a more El
Niño-like mean state (Allen and Luptowitz, 2017). It follows
that lakes, at least in part of the southwestern USA, might
have resulted from atmospheric circulation patterns associ-
ated with a permanently warm eastern tropical Pacific during

the Pliocene. Following the modern association, one might
predict that a permanent El Niño-like Pliocene SST distri-
bution supported an enhancement of today’s winter rainfall
patterns (Molnar and Cane, 2002, 2007; Winnick et al., 2013;
Ibarra et al., 2018) but with more weighting towards central-
southern California and less over the Pacific Northwest, fol-
lowing the dipole nature of the modern climate teleconnec-
tion.

A second feature is polar-amplified Pliocene warmth, sup-
porting a weaker Equator-to-pole (meridional) temperature
gradient (Dowsett et al., 2012), specifically between the trop-
ics and the midlatitudes (e.g., Brierley et al., 2009; Fedorov
et al., 2015), as this scales with Hadley strength. The reduced
meridional temperature gradient during the Pliocene offers
a mechanism for creating wetter subtropics globally (Burls
and Fedorov, 2017); by supporting a weaker Hadley circula-
tion, it allows for a reduction in the divergence of moisture
from the arid subtropics that overcomes the thermodynamic
enhancement that occurs with global warming, giving rise
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to dry-gets-wetter conditions in the subtropics (Fig. 2b, d).
For the western USA, climate simulations with a strongly
reduced Equator-to-pole (and equatorial zonal) gradient sup-
port wetter conditions in Southern California through more
summer rainfall, as well as to the north through increased
winter rainfall (Fig. 2f, Burls and Fedorov, 2017). Thus
this mechanism might predict wetter conditions for both the
northern and southern sites in this proposed study.

Reconstructing the distribution and seasonality of wet
conditions in western North America and the timing of
late Pliocene–Pleistocene aridification offers the potential to
evaluate the role of these two mechanisms. Evidence sug-
gests that they were likely linked (Fedorov et al., 2015) and
therefore working in tandem. Our working hypothesis is that
the hydroclimate of western North America was, in addi-
tion to global warmth, dictated by changes in the strength
of Pacific zonal and meridional surface temperature gradi-
ents. We plan to drill cores from three of these basins (see
Sect. 4, “Proposed drilling sites”) in order to reconstruct the
evolution of the western North American hydroclimate, with
special focus on the time ranges from 4.5–3.5 and 3–2.5 Ma.
Focus on these time ranges will bring attention to the Early
Pliocene hydroclimatic conditions and also to the later onset
of the glacial–interglacial cycle and intensification of North-
ern Hemisphere glaciation.

We have created a synthetic time series of precipitation
estimates for the northern Butte Valley region (Fig. 3a) and
southern Searles Lake and Verde Valley region (Fig. 3b) to
explore how our working hypotheses can be tested. This ini-
tial analysis suggests that the precipitation history should
have varied to differing extents in the subtropical vs mid-
latitude portions of the study region and could be compared
with the multiproxy records from the proposed array of lake
coring sites.

Additional hypotheses to be tested include the following:

– Pliocene warmth led to systematic changes in precipita-
tion seasonality and extremes.

– Establishment and later disappearance of large freshwa-
ter ecosystems profoundly affected the establishment of
and subsequent dispersal, extirpation, or extinction of
fauna and flora.

– Marine Isotope Stages (MIS) M2 and KM2 events were
of sufficient magnitude and duration to be recorded in
these MTC lake sediments.

4 Proposed drilling sites

Although Pliocene lake basins occur in several subtropical
and MTC regions worldwide (Mediterranean Basin, South-
western Australia, Chile, California, China, and others),
western North America contains the only set of deep, per-
manent lake basins that span several degrees of latitude and
that existed during most of the Pliocene Epoch. Western

Figure 3. Synthetic time series of (a) northwest (41–45◦ N, 122–
115◦ W) and (b) southwest (31–35◦ N, 118–114◦ W) annual mean
precipitation change relative to preindustrial (or 0–0.5 Ma) (in mm
per day) derived as a function of the zonal and meridional SST gra-
dient reconstructions presented in Fedorov et al. (2015) and Tier-
ney et al. (2019) (the light shading represents the full range and the
darker shading the 95 % uncertainty range provided for the gradient
estimates of Tierney et al., 2019), as well as the global mean surface
temperature reconstruction of Hansen et al. (2013). Synthetic time
series were generated using the relationships (statistically signifi-
cant at the 95 % confidence interval) between regional precipitation
and the zonal and meridional SST gradients, respectively, as well
as global mean temperature, across the 30, fully coupled, global
climate model experiments (Burls and Fedorov, 2017). These re-
sults suggest the southern drill sites should exhibit more Pliocene
“wetting” relative to pre-industrial than the northern sites (proposed
drill site and legacy cores included), as well as be more sensitive
to both zonal and meridional SST gradient changes (more dynami-
cally driven), as opposed to the northern site, which should display
more sensitivity to global mean temperature (more thermodynami-
cally driven). Figure created by Natalie Burls.

North America contains accessible and under-recognized pa-
leolacustrine records that hold the keys to understanding the
drivers of wetter conditions in Pliocene subtropical drylands
worldwide.

Going into the workshop, we had an array of pos-
sible drilling sites, identified during a smaller previous
EarthRates-funded workshop. These included Summer Lake,
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Figure 4. Location map of proposed drill sites and sites with existing sediment core and outcrop material available for study from previous
drilling campaigns. Existing material from Blythe Basin and Verde Valley is from outcrop studies only. The Summer Lake records are
short cores. Searles Lake and Butte Valley each have a Plio-Pleistocene core (see Fig. 5). All sites were discussed and evaluated during
the workshop. The Cascade Range, Klamath Mountains, Sierra Nevada, and the Basin and Range are also shown. Figure created by Robert
Hatfield, made with GeoMapApp (http://www.geomapapp.org, last access: 29 December 2021)/CC BY (Ryan et al., 2009).

Oregon; Lake Idaho, Idaho; Butte Valley, California; Tule
Lake, California; Searles Lake, California; and Blythe Basin,
Arizona (Fig. 4). Discussion focused on the previous work at
these sites, the likelihood of recovering continuous sediments
reaching to at least 4.5 Ma, the presence/absence of carbon-
ates and organic biomarkers, site access, available subsurface
data for robust site characterizations, and the likelihood of
developing depth–age models and robust correlation mod-
els across the study region. We learned that Blythe Basin
was likely to capture only the Lower Pliocene, which led
to a discussion of possible replacement sites, leading us to
discuss Verde Valley, Arizona, a site in central Arizona that
had no drilling history but a record of outcrop studies. We
reached consensus towards the end of the workshop to drill
four sites which showed great promise: Lake Idaho, Butte
Valley, Searles Lake, and Verde Valley. This plan was later
altered to three drill sites, based on new dating information
from Lake Idaho, which indicated the paleolacustrine record
at Mountain Home drill site was no older than about 3.1 Ma
(Alexander Prokopenko, personal communication, Decem-
ber 2021). The older sediments of Lake Idaho are likely to
be found farther west and lie beneath thick layers of basalt
making site survey uninformative and costly. The final list
of drill sites for the project included Butte Valley and Sear-
les Lake, California, and Verde Valley, Arizona (Figs. 4 and
5). We also intend to study the existing USGS legacy cores

from Butte Valley, Tule Lake, Lake Idaho (USGS–Bruneau
Core), and Searles Lake and to collaborate with the ICDP
HOTSPOT team that recovered the Plio-Pleistocene paleola-
custrine record from Mountain Home, Idaho (Figs. 4 and 5).
Combined, our sites comprise a north–south transect cover-
ing about 7◦ in latitude (1380 km), to capture the changing
hydroclimatic gradients over time. Both northern and south-
ern sites consist of lake records with ∼ 600 km E–W distance
between them, enabling us to examine the extent and dura-
tion of westerly moisture transport across this north–south
transect.

5 Analytical strategy

Our science team will use an integrated strategy in analyzing
the complex story of paleoclimate and paleoecology in these
Pliocene and Plio-Pleistocene lake sediment records of west-
ern North America. The strategies are described in brief here.
The range of scientific expertise represented by our project
team is shown in Fig. 1b.

5.1 Chronology

We will combine multiple dating techniques to maximize
temporal precision and coverage, as well as robust corre-
lations between paleolakes. The underlying framework for
this chronology will be improved accuracy of depth and
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Figure 5. Preliminary model for correlating and dating the proposed sites. Time ranges dateable by 14C, 230Th / 234U, and 40Ar / 39Ar
radiometric methods are indicated at the right-hand edge. Magnetostratigraphy (chrons and subchrons) is shown to the left. Figure created
by Robert Hatfield with input from Stephen Kuehn.
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stratigraphic information. Core depths will be tied to log-
ging depth through common gamma ray data obtained during
downhole logging and from core-scanning measurements.
Where available, overlapping cores from multiple holes at
the same site will be correlated to generate a composite depth
scale and continuous stratigraphic section (e.g. Hatfield et
al., 2020). Using this foundation, depth will be mapped to
time using a suite of methods, primarily through paleomag-
netic polarity stratigraphy and tephrostratigraphy supported
by biostratigraphy (pollen and spores), radiometric dating
(uranium–thorium, argon–argon, beryllium-10), and, where
available, orbital and/or climatic tuning. The multiproxy in-
tegrated age–depth model will be generated using Bayesian
approaches (e.g. Lougheed and Obrochta, 2019) that allow
for realistic estimates of uncertainty.

5.2 Climate and environmental proxies

Paleobiological analyses, augmented by organic and in-
organic geochemical proxies, are key components of the
planned overarching post-coring scientific measurements.
We aim to reconstruct both the (i) paleoclimatic evolution
and (ii) biotic response to climatic and geological forcing.
Biological proxies include pollen, diatoms and ostracodes,
and geochemical/biochemical proxies include leaf-wax hy-
drogen isotopes, algal lipid δ2H, and δ13C and δ18O from in-
organic and biogenic carbonates. Wildfire, an important part
of terrestrial ecosystems in the study region, will be studied
through analysis of such proxies as charcoal, PAHs (poly-
cyclic aromatic hydrocarbons), δ13C in leaf waxes, and phy-
toliths. Analyses will be carried out at different temporal res-
olutions in order to identify both tectonic to orbital timescale
trends and suborbital to sub-millennial timescale variability
to produce datasets that are most relevant to present-day an-
thropogenic climate and ecosystem change.

6 Societal relevance

PlioWest has clear links to water security and landscape
change, which are ongoing topics of increasing interest to
all stakeholders in western North America, including Native
American tribal communities, watershed managers, and agri-
cultural planners. Development of educational outreach op-
portunities involving these topics will be an important aspect
of the NSF and other funding agency proposals. Although the
proposed drill sites are all situated on federal land (with the
exception of Searles Lake, on privately owned land), these
lands and the environments they represent are part of Native
American cultural heritage. We will involve key stakeholders
(local schools, colleges, public libraries, state and national
parks, museums, businesses, and tribal representatives) at the
early stages of project planning to learn what information we
can gather that is important for them and their communities.
This method, known as community-driven research (CDR;
Pandya, 2014, and the mission of AGU’s Thriving Earth Ex-

change), has been shown to increase community buy-in and
trust in the results of the research. We will further develop
these plans in consultation with the CSD Facility and with
the Geoscience Alliance, an NSF-funded organization whose
goal is to broaden participation of Native Americans in geo-
sciences. This approach dovetails with a growing area of
co-production of research (Zurba et al., 2022), and we look
forward to opportunities to work collaboratively in this way
with tribal communities.

Additionally, by working with the public access commu-
nity database Neotoma (https://www.neotomadb.org/, last ac-
cess: 28 November 2022), data and educational tools will
become available to the public for use in educational set-
tings at many levels, from secondary education through
university level. Finally, we plan to create openly avail-
able educational videos throughout the project, follow-
ing in the path of impactful examples such as the AN-
DRILL project (https://www.wgtn.ac.nz/antarctic/research/
past-research-prog/andrill, last access: 28 November 2022),
which can serve secondary school and university students, as
well as the public.

7 Conclusion

By recovering continuous core records from the targeted
paleolake sites, we expect to gain insights into those step
changes that occurred during the Early Pliocene warm pe-
riod and subsequent Pleistocene cooling that accompanied
the hydroclimatic changes in this MTC region. The mecha-
nisms involved may have led to systematic changes in rainfall
seasonality and extremes and may have changed the ecology
of the entire region. Gaining new knowledge about these in-
terlinked changes will certainly impact those working in the
areas of climate change, water and food security, and ecolog-
ical and environmental sciences. Climate extremes, beyond
those of present-day climate, offer opportunities to test cli-
mate models used to predict future climate scenarios. The
possible mismatch of predictions of a drier future climate for
MTC regions, including the western USA, epitomizes how
understanding the wet Pliocene can show how paleoclimate
can be used to test and improve models and thus understand-
ing of the global system that has direct societal relevance.
The outcome of this study will benefit climate modelers,
policy makers, and the many communities that make use of
those models.

We also note that the virtual ICDP workshop format is
doable and can achieve completion of a full ICDP proposal
but is not the most desirable means of conducting a scien-
tific workshop. The weak point in this format is the difficulty
of generating an environment that produces spontaneous sci-
entific discussions and a spirit of camaraderie, as well as the
logistical challenges of drawing multiple individuals together
when subject to their individual commitments. We were able
to achieve our goals over a more expanded time frame (mul-
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tiple meetings over a 2-week period) and with meticulous
planning and constant adjustments to those plans by the two
convenors of the workshop (Alison J. Smith and Emi Ito).
Of course, the key benefit of a virtual workshop was much
reduced cost as we had no travel and accommodation costs,
but in the end, we found there is no substitute for in-person
scientific workshops, and we look forward to the imminent
return of such events.

Data availability. No datasets were used in this article.
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