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Abstract
Jonathan P. LaRiviere

The evolution of North Pacific climate since the late Miocene

A lack of paleo-proxy data has made it difficult to determine the mechanisms
responsible for the warm climates of the late Miocene and early Pliocene. Though
modeling work suggests that the global distribution of sea surface temperatures
(SSTs) and the depth of the global thermocline may have been important to
maintaining past warm climates, paleoceanographic data is needed to test these ideas.
This dissertation uses geochemical proxy reconstructions of SST, thermocline depth,
and precipitation from North Pacific sediments to test the role that the oceans played
in shaping late Miocene and Pliocene climates. Chapter 2 uses alkenone
paleothermometry and 8'*O of planktonic foraminifera to show that the SSTs of the
mid-latitude North Pacific ~13-5 Ma were decoupled from atmospheric pCO,,
possibly due to a deeper-than-modern global thermocline. The data indicates that
thermocline shoaling after ~5 Ma, possibly related to changes in ocean basin shape,
led to a stronger coupling between SSTs and atmospheric pCO, in more recent
epochs. Chapter 3 uses new alkenone and Mg/Ca SSTs with published SST estimates
to test the importance of SST gradients in the warm late Miocene and early Pliocene.
Kriging of SST data was used to construct maps of late Miocene, Pliocene, and
Pleistocene time-slices. The results, which show that basin-wide SST gradients were

weak (relative to modern) in the early Pliocene but even weaker during the late

Vil



Miocene, support the hypothesis that weak SST gradients contributed to warm global
temperatures. Chapter 4 assesses the utility of the 8D,aikanes in marine sediments as a
proxy of precipitation on the continents. Ground-truthing of California Margin core
tops indicated that dD,,_aikanes from southern California Margin sediments are suitable
for down-core reconstructions of past precipitation. Additionally, a low-resolution
OD,,-alkane Tecord generated for this study showed that the establishment of the modern
mediterranean climate in southern California might have resulted from the SST
changes described in Chapters 2 and 3. Overall, this dissertation shows that
reconstructions of past oceanographic and climate conditions of the North Pacific
support the hypothesis that SST gradients played a major role in shaping the warm

climates of the early Pliocene and late Miocene.
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Chapter 1. Introduction

This dissertation focuses on the past ~13 million years (myrs) of North Pacific
climate, a time interval that spans a large range of climate states, from the warmer-
than-modern intervals of the late Miocene and early Pliocene to the
glacial/interglacial climates of the Pleistocene [Zachos et al., 2001]. This interval
provides an opportunity to examine the Earth’s climate response to variations in
atmospheric greenhouse gasses, ocean circulation, and tectonics. Specifically, the late
Miocene and early Pliocene enable investigations of the role that the oceans play in
maintaining warm global and regional climates, which is the primary aim of this

dissertation.

In the early Pliocene, ~4.3-4 Ma, atmospheric pCO; was only slightly higher than
modern levels (by <50ppmv [M. Pagani et al., 2010; Seki et al., 2010]) but the global
mean temperature was ~4° warmer than the modern global mean [Brierley and
Fedorov, 2010]. Thus, a major question for paleoceanographers is why the early
Pliocene, with near-modern pCO,, was so much warmer than modern. One
hypothesis is that much of the early Pliocene warmth, relative to modern, can be
attributed to weaker-than-modern basin-wide sea surface temperature (SST) gradients

[Brierley et al., 2009].

Using idealized models of early Pliocene SSTs Brierley et al. [2009] and Brierley and

Fedorov [2010] demonstrated that meridional SST gradients help to determine the



strength and dimensions of Hadley circulation, poleward heat transport, global
temperatures, and precipitation patterns. The models suggest that weaker-than-
modern SST gradients, a deeper-than-modern global thermocline, and associated
cloud and water-vapor feedbacks resulted in mean global temperatures that were 3-
4°C warmer-than-modern. The model results also demonstrated that a long-term
shoaling of the thermocline and strengthening of SST gradients could have helped to
enable the emergence of large Northern Hemisphere ice sheets in the Pleistocene
[Brierley and Fedorov, 2010]. However, the modeling efforts that uncovered this
potential oceanic mechanism of late Neogene and Quaternary climate change used
paleo-proxy data from disparate regions to guide their sensitivity studies of weaker-
than-modern SST gradients and the idealized SST gradients in the models were not
specific to one geologic time interval [Brierley et al., 2009]. Thus, because this work
has highlighted the major role that SST distributions may have played in the global
climate system, it has become critical that paleoceanographers use proxy-data to test
whether weaker-than-modern SST gradients and a deeper-than-modern global

thermocline were predominant features of the warm early Pliocene.

An additional test of this oceanic mechanism for maintaining warm global climates
can be found in the climate of the late Miocene, ~12-5 Ma. The late Miocene is
characterized by global conditions that were both warmer- and wetter-than-modern
[Pound et al., 2011] and by a lack of large Northern Hemisphere ice sheets [Zachos et

al., 2001]. The reasons for the lack of large Northern Hemisphere ice sheets and



global warmth in the late Miocene are not well understood [Ruddiman, 2010]. This is
in part because in the late Miocene atmospheric pCO, was likely near pre-industrial
levels [Pagani et al., 1999]. Ruddiman [2010] pointed out that it is possible that the
proxy-based pCO; estimates for the late Miocene are incorrect. However, the balance
of data from multiple proxies agree that late Miocene pCO, was relatively low
[LaRiviere et al., 2012 SI] and recent multi-proxy studies have shown that by ~13Ma,
following the middle Miocene Climatic Optimum (MMCO), atmospheric carbon
dioxide concentrations had already dropped to ~300ppmv [Foster et al., 2012;
Badger et al., in press]. Thus, the late Miocene provides us with an opportunity to
evaluate the role that the oceans played in maintaining global and regional climates

during low pCO, conditions.

In this dissertation we have used geochemical proxies to reconstruct SSTs and
thermocline depth in the North Pacific and have tested the role that oceanic
conditions played in shaping the global climates of the late Miocene, Pliocene, and
Pleistocene. In addition to generating new data, we have compiled all of the available
published SST data and generated synoptic maps of global SSTs during the late
Neogene and Quaternary. We use these maps to further constrain past SST gradient
changes. Finally, we have begun to investigate the regional manifestations of
terrestrial climate change that may be associated with long-term changes in basin-
wide SST gradients with a study of leaf-wax isotopic composition in California

Margin sediments.



In chapter 2, “Late Miocene decoupling of oceanic warmth and atmospheric carbon
dioxide forcing” [LaRiviere et al., 2012] we generated the first late Miocene
geochemical SST estimates from the North Pacific and tested the hypothesis that the
late Miocene oceanic conditions played a role in maintaining warm global conditions
when atmospheric pCO; concentrations were relatively low. We used alkenone
paleothermometry to generate SST reconstructions for several Ocean Drilling
Program (ODP) sites in the North Pacific that span the past ~13 myrs. The results
showed that the temperatures of the mid-latitude North Pacific ~13-5 myrs ago were
substantially warmer-than-modern and decoupled from atmospheric carbon dioxide
concentrations, a surprising finding given the strong coupling between global climate
and atmospheric carbon dioxide in modern times. We also used the difference in
oxygen isotopic composition of subsurface-dwelling and surface-dwelling planktonic
foraminifera to assess changes in the depth of the tropical thermocline over this time
interval. The thermocline and SST data were consistent with existing climate model
sensitivity studies of the early Pliocene, which was characterized by weak meridional
SST gradients, and indicated that the long-term shoaling of the thermocline after ~5
Ma, which may be related to tectonic changes in oceanic gateways such as the closing
of the Central American Seaway, may be able to explain the stronger coupling
between atmospheric carbon dioxide, SSTs, and climate that is characteristic of the

Pliocene and Pleistocene epochs.



In Chapter 3, “Basin-wide sea surface temperature distributions of the Pleistocene,
Pliocene, and late Miocene,” we further tested the hypothesis that relatively weak
SST gradients could explain the past warm climates of the late Miocene and early
Pliocene. To fully investigate the role of the oceans in shaping North Pacific climate
since the late Miocene it is critical to have firm constraints on the basin-wide SST
distributions. We reconstructed the spatial distribution of SSTs for five time-slices in
the late Neogene and Quaternary using new alkenone and Mg/Ca-based SST
estimates and previously published SST data. We used a variogram and kriging
approach to construct high fidelity global maps of SSTs from each time-slice and to
reconstruct the meridional temperature gradient in the western Pacific. The maps
show heterogeneous regional cooling since the late Miocene that resulted in long-
term strengthening of basin-wide meridional and zonal SST gradients, dramatic
cooling in eastern boundary current and high-latitude regions, and relatively constant
temperatures in the western tropical Pacific. Our work indicates that the relatively
weak meridional SST gradient of the late Miocene may have contributed to the global

warmth of the late Miocene despite near-preindustrial pCO, concentrations.

In chapter 4, “The utility of leaf-wax 8D as a proxy for precipitation in coastal
western North America: a core-top transect and down-core pilot study,” we assessed
the effectiveness of the hydrogen isotopic composition (0D) of terrestrial leaf wax
compounds (n-alkanes) in marine sediments as a proxy for precipitation in coastal

western North America. This work was motivated by the ultimate goal of testing the



hypothesis that the emergence of the summer-dry mediterranean climate in coastal
western North America resulted from changes in SSTs since the late Miocene [Lyle et
al., 2008]. However, because the reliability of dD,-aikanes @s a recorder of precipitation

in coastal western North America was uncertain, we first needed to ground-truth the

proxy.

We tested the relationship between the 8D,_aikanes preserved in marine sediments and
the 8D precipitation 0N 1and using a North-South transect of core-tops from the California
Margin. Our core-top results showed that in the southern region of the California
Margin (~29-36°N) the 8D, -aikanes faithfully records the proximal dDprecipitation. In the
central region of the California Margin (~37-39°N) the dDprccipitation 1S also recorded
by sedimentary n-alkanes, but the n-alkane source is from the interior Central Valley
watershed of California. The dD,.-aikanes north of ~39°N do not seem to effectively
record 8D precipitation- 10 this region the dD,-aiane signal is complicated by uncertainties
in vegetation source waters, water-shed extent, n-alkane ages, and 8Dprecipitation 1l

northern California.

In chapter 4 we also constructed a low-resolution down-core record of 0D,-aikanes from
ODP Site 1010 in the southern California Margin. The record spans the past ~10.5
myrs. The down-core record exhibits a shift to relatively low dD,-aikane Values that
began after the early Pliocene and continued through the late Pleistocene. This

isotopic trend may have resulted from a reduction of summer precipitation in southern



California during the late Pliocene and Pleistocene and could reflect precipitation
changes associated with the strengthening of basin-wide SST gradients during these

times.

The projects in this dissertation aim to provide needed constraints on the evolution of
North Pacific climate since the late Miocene. Chapters 2 and 3 show that the late
Miocene North Pacific had warmer SSTs, smaller equator-to-pole SST gradients, and
a deeper thermocline than the early Pliocene ocean, and that climate feedbacks
associated with these late Miocene oceanic conditions could have played a major role
in maintaining global warmth during relatively low atmospheric pCO, conditions
[LaRiviere et al., 2012]. Chapter 4 focuses on assessing the utility of 0D,-aikanes from
marine sediments in the California Margin as a proxy of terrestrial precipitation since
the late Miocene. The low-resolution down-core record indicated that the
establishment of the mediterranean climate in southern California might have resulted
from the SST changes that were outlined in chapters 2 and 3. Overall, it seems that
the late Miocene, which, at this point, has not received much attention from the
paleoclimate community, was a more extreme example of a warmer-than-modern
climate than the much-studied Pliocene; a finding that dramatically highlights the role

that the ocean plays in determining global climate.
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LETTER

doi:10.1038/nature11200

Late Miocene decoupling of oceanic warmth and
atmospheric carbon dioxide forcing

Jonathan P. LaRiviere', A. Christina Ravelo', Allison Crimmins't, Petra S. Dekens'f, Heather L. Ford', Mitch Lyle?

& Michael W. Waralt

Deep-time palaeoclimate studies are vitally important for developing
a complete understanding of climate responses to changes in the
atmospheric carbon dioxide concentration (that is, the atmospheric
partial pressure of CO,, pco,)". Although past studies have explored
these responses during portions of the Cenozoic era (the most recent
65.5 million years (Myr) of Earth history), comparatively little is
known about the climate of the late Miocene (~12-5 Myr ago), an
interval with pco, values of only 200-350 parts per million by volume
but nearly ice-free conditions in the Northern Hemisphere*® and
warmer-than-modern temperatures on the continents’. Here we
present quantitative geochemical sea surface temperature estimates
from the Miocene mid-latitude North Pacific Ocean, and show that
oceanic warmth persisted throughout the interval of low pco,
~12-5 Myr ago. We also present new stable isotope measurements
from the western equatorial Pacific that, in conjunction with previ-
ously published data®'°, reveal a long-term trend of thermocline
shoaling in the equatorial Pacific since ~13 Myr ago. We propose
that a relatively deep global thermocline, reductions in low-latitude
gradients in sea surface temperature, and cloud and water vapour
feedbacks may help to explain the warmth of the late Miocene.
Additional shoaling of the thermocline after 5Myr ago probably
explains the stronger coupling between pco,, sea surface tempera-
tures and climate that is characteristic of the more recent Pliocene
and Pleistocene epochs'"'2.

High-latitude climate reconstructions from the oxygen isotopic
composition (8'%0) of benthic foraminifera® reveal a long-term cool-
ing trend over the past ~50 Myr that occurred in conjunction with
decreasing pco, (ref. 2). However, although CO, levels were near pre-
industrial values (280 p.p.m.v.) during the late Miocene (even the highest
end of both the alkenone and leaf stomata estimates of CO, indicate that
late Miocene CO, levels were less than the modern values of
~390 p.p.m.v.), high-latitude climate was too warm to support the
growth of large Northern Hemisphere ice sheets* (Fig. 1a, f and
Supplementary Information).

Climate modellers have tested whether external boundary condi-
tions, such as the reduced topography of mountainous regions during
the late Miocene", could have lowered the pco, threshold for gla-
ciation'*"'; however, these tests focused on regional ice sheet growth
rather than global temperatures and have not accounted for climate
conditions outside the high latitudes. Palaeoclimate estimates from
vegetation reconstructions suggest that warmer-than-modern condi-
tions existed not just in the high latitudes but were globally widespread
~12-7 Myr ago* (Supplementary Information). Vegetation probably
acted as a strong warming feedback in the late Miocene'’; however, the
boundary conditions that underlie such a vegetation distribution are
not well constrained. Ocean circulation would have been integral to the
global climate system of the late Miocene, but very little quantitative
data exist to constrain surface circulation. For this reason, we recon-
structed changes in sea surface temperature (SST) in the mid-latitude

North Pacific Ocean and monitored the depth of the western tropical
Pacific thermocline (the boundary between the warm surface ocean
layer and the subsurface cold deep ocean) for the past ~13 Myr.

The SST estimates are derived from sediments collected at three
Ocean Drilling Program (ODP) sites: Site 1010 (30°N, 118° W) in
the subtropical east Pacific; Site 1021(39° N, 128° W) in the northeast
Pacific at the seaward side of the northern edge of the California
Current; and Site 1208 (36° N, 158°E) in the northwest Pacific at
the transition zone between the subtropical and subarctic gyres
(Fig. 2). SST estimates are based on the alkenone unsaturation proxy
(U*'5,) using the calibration of ref. 18. The 1010 and 1021 SST recon-
structions are continuous since ~13 Myr before present. The SST
reconstruction from Site 1208 is continuous since ~10 Myr before
present.

The warmest SSTs occurred at the beginning of the late Miocene
with subsequent cooling over the length of all three records. At sub-
tropical east Pacific Site 1010, SSTs cooled by 5°C between 9 and
5.8 Myr ago, and cooled an additional ~8 °C from the early Pliocene
warm period, about 3.7 Myr ago, into the recent Pleistocene ice ages
(Fig. 1e). A similar pattern of SST cooling was observed at northeast
Pacific Site 1021; SSTs cooled by ~5 °C by 5.8 Myr ago and, after a
~3°C increase from ~5.8 to 4.5Myr ago, subsequently cooled an
additional ~8.5°C into the ice ages (Fig. le). At the northwest
Pacific Site 1208, SSTs decreased by ~3 °C by 5.8 Myr ago, and con-
tinued to cool by an additional ~4 °C from 2.7 Myr ago and into the ice
ages (Fig. 1d). Overall, when compared to SST estimates from the
western Pacific warm pool’, our new records of warm subtropical
SSTs reveal that late Miocene meridional SST gradients were reduced
relative to those of the Pliocene. Site movement by plate tectonics from
one ocean temperature regime to another can explain no more than
~2 °Cofthe SST trend since 13 Myr ago (Supplementary Information).

Our SST records provide, despite some regional variability, the first
documentation that late Miocene SSTs across a broad swathe of the
North Pacific were significantly warmer than present (by 5-8 °C), and
that there was nearly unidirectional cooling over the past 13 Myr.
Furthermore, our records are consistent with other palaeodata®'*"?,
including bottom-water temperature estimates'” (Fig. 1b), which indi-
cate that the climate was warmer during the late Miocene than during
the early Pliocene warm period. Thus, the preponderance of data,
including our new records, indicates that global temperatures of the
late Miocene, with relatively low pco, of <350 p.p.m.v., exceeded that
of the early Pliocene warm period, with relatively high pco, of
>350 p.p.m.v. (Fig. 1f). This decoupling between temperature and
atmospheric pco, trends requires an explanation. One possibility is
that changes in boundary conditions (for example, continental topo-
graphy, ocean basin shape) played a major role in determining the
sensitivity of Earth’s climate to CO, forcing.

During the late Miocene, the Central American Seaway (CAS) was
open, the Indonesian Seaway was wider than at present, and the Bering

10cean Sciences Department, University of California, Santa Cruz, California 95064, USA. 2Department of Oceanography, Texas A&M University, College Station, Texas 77843, USA. tPresent addresses: US
Environmental Protection Agency, Climate Change Division, Washington DC 20460, USA (A.C.); Department of Geosciences, San Francisco State University, San Francisco, California 94132, USA (P.S.D.);
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Figure 1 | Late Neogene oceanic conditions and atmospheric pco,-

a, Benthic foraminifera 3'°0 record of high-latitude climate change**’. Pink line
denotes modern 5'°0. b, Mg/Ca-derived bottom-water temperatures from ODP
Sites 806 and 926 (ref. 19). ¢, Oxygen isotopic difference between thermocline
and surface foraminifera from Site 806 (orange curve, right-hand vertical axis) is
inversely related to thermocline depth®~”. Radiolarian species richness from Site
1241"° (green curve, left-hand vertical axis) is a reflection of thermocline depth.
d, Alkenone SST estimates from Site 1208. e, Alkenone SST estimates from Sites
1021 and 1010. f, Estimates of atmospheric pco, from ice cores (purple line),

| NATURE | VOL 486 | 7 JUNE 2012

boron isotopes (open squares, filled squares and triangles), alkenones (green'',
gold and blue shading), and leaf stomata (diamonds). Grey line marks pre-
industrial pco, concentrations (280 p.p.m.v.). Vertical error bars represent
reported uncertainty in boron isotope and leaf stomata pco, estimates. Reported
age uncertainties for leaf stomata estimates are denoted with horizontal bars.
Green, gold and blue shading indicates the range between published maximum
and minimum alkenone pco, estimates. See Supplementary Information for
Pco, data sources. Heavy lines in b-e represent Stineman smoothing curves
applied in KaleidaGraph software (v4.1.3; http://www.synergy.com/).
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Figure 2 | Sites used in this study. ODP Sites 1208 (36°N, 158° E), 1021
(39°N, 128° W), 1010 (30° N, 118° W), 806 (0°N, 159° E) and 1241 (6° N,

86° W) overlaid on a map of mean annual SSTs*'. EQ, Equator.

Strait was closed"’; however, by the end of the early Pliocene the CAS
was closed, the geography of the Indonesian Seaway was more similar
to its modern configuration, and the Bering Strait was open'’.
Although none of the existing modelling sensitivity studies indicate
that these tectonic changes could directly explain the warm, mid-
latitude North Pacific temperatures observed in our reconstruc-
tions®?!, modelling of the early Pliocene climate (5-3 Myr ago) does
suggest that the CAS may have played a role in determining the depth
of the thermocline. Results from general circulation models indicate
that when the CAS was open, the modelled tropical thermocline was
deeper®*?, consistent with observations of the tropical Pacific thermo-
cline®**?, Such a change in thermocline depth is important, because
the ventilated thermocline maintains the balance between high-
latitude oceanic heat loss and low-latitude heat gain*%; a change in
thermocline depth implies changes in surface ocean conditions that
determine cloud, atmospheric water vapour and SST distributions™.
Thus, changes in thermocline depth may be driven by internal
dynamics or by changes in external boundary conditions, such as
oceanic gateways, and could help to explain the climate of the late
Miocene.

To assess changes in the shallow, wind-driven circulation of the
ventilated thermocline, we monitored relative changes in thermocline
depth at west Pacific ODP Site 806 (0°N, 159° E) (Fig. 2) using the
8'%0 values of shells from surface-dwelling and subsurface-dwelling
planktonic foraminifera. We made new stable isotopic measurements
of Globorotalia tumida for the interval of ~4.8-0 Myr ago, which, in
conjunction with previously published data®” on this and other species,
provides records of the 5'°0 of Globigerinoides sacculifer, a surface
dweller, and of G. tumida/Globorotalia menardii/Globorotalia fohsi,
subsurface dwellers, for the past ~13 Myr. The difference between these
species, AS"*Oupsurface-surface Teflects thermocline depth®”, with low
values indicating a thick mixed layer and deep thermocline, and high
values indicating a thinner mixed layer and shallower thermocline.
Whereas the previously published data showed two pronounced inter-
vals of a relatively thin mixed layer ~13-11 and ~7-5.8 Myr ago, the
additional isotopic data in our study reveal a long-term trend in
A" Oubsurface-surface and indicate that the western equatorial Pacific
thermocline has gradually shoaled since ~13 Myr ago (Supplementary
Information). Evidence for thermocline changes in the eastern tropical
Pacific comes from radiolarian species richness (ODP 1241; 6°N,
86° W), which shows a monotonic increase since ~12Myr ago'’,
and is consistent with a long-term increase in the number of ecological
niches available as the thermocline became shallower (Fig. 1c). In
addition, the authors of ref. 10 interpreted the radiolarian assemblage
changes since ~4.2 Myr ago to indicate the shoaling of the eastern
tropical Pacific thermocline from a relatively deep configuration that
existed for the majority, if not all, of the late Miocene. Furthermore,
foraminifera faunal reconstructions throughout the tropical Pacific
show that the thermocline has generally shoaled from a relatively deep
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position in the middle Miocene to a shallower depth by the end of the
late Miocene®”.

Overall, our data indicate that the oceanic state of the late Miocene
was similar to that of the early Pliocene warm period, though more
extreme (with warmer SSTs, smaller SST gradients and a deeper ther-
mocline). Modelling of the early Pliocene conditions demonstrates
that a tight coupling between the deep thermocline, expanded tropical
warmth, and the reduction in meridional and zonal SST gradients
resulted in mean global temperatures 3-4 °C warmer than today and
the suppression of Northern Hemisphere glaciation®. The models,
which are constrained by Pliocene proxy data, show that the expanded
tropical warmth results in enhanced subtropical evaporation, green-
house warming from water vapour, and warming from an increase in
subtropical high ‘greenhouse clouds’. These processes form a feedback
loop that further facilitates maintenance of a deep thermocline and a
warm climate with expanded tropical warmth®. Applying this idea to
the Miocene provides a framework to understand our new SST and
thermocline observations, all of which are consistent with warmer-
than-modern global temperatures, as is the case in the early
Pliocene. Furthermore, when applied to the Miocene, the Pliocene
body of work suggests that, in the absence of large changes in pco,,
a tectonically driven change in upper ocean structure and tropical
warm pool expanse could have, by itself, affected global temperatures
through changes in atmospheric water vapour (a greenhouse gas)
concentrations and in planetary albedo (through cloud type and
distribution).

Changes in thermocline depth could explain the differences
between late Miocene and Pliocene climate responses to atmospheric
Pco, forcing. The shoaling of the thermocline has been directly linked
to intensification of tropical SST gradients”** and the strength of
Walker and Hadley atmospheric circulation. However, when the ther-
mocline is sufficiently deep (as it was in the tropical Pacific during the
late Miocene), its movement is not coupled with SSTs. An increase in
coupling appears to occur when the thermocline is shallow enough to
pass some threshold depth. This threshold can explain why the ther-
mocline depth variation in the western equatorial Pacific—a region
where the thermocline is currently deeper than the surface Ekman
layer of wind-driven mixing—did not appear to be coupled to SSTs
until the thermocline in the eastern tropical Pacific shoaled adequately;
such shoaling happened in the early Pliocene or, at the earliest, during
the conclusion of the late Miocene. Once the thermocline became
sufficiently shallow to affect SSTs, the climate system seems to have
become sensitive to climate perturbations that had previously been
inconsequential, including those driven by changes in pco,. For
example, with a shallow thermocline any small change (for example,
in winds or in upwelling strength) that affected the low-latitude SSTs
would be accompanied by strong positive feedbacks; changes in sur-
face pressure gradients could reinforce initial changes in winds and in
atmospheric water vapour and cloud formation®® that amplify global
temperature change. A shallower thermocline and accompanying
enhanced climate sensitivity could explain why the Northern
Hemisphere ice ages began in the Pliocene, rather than in the
Miocene at comparable pco, levels, and why a close coupling between
glacial-interglacial climate cycles and pco, developed after ~2.7 Myr
ago®.

Differences in the oceanic gateway boundary conditions of the late
Miocene and Pliocene may have been the ultimate cause of the increase
in climate sensitivity to pco, forcing; the ocean basin configuration of
the Pliocene, rather than the configuration that existed for the majority
of the late Miocene, enabled the thermocline to shoal past a depth that
was critical for coupling the thermocline and SSTs. However, although
the closing of the CAS is the best candidate for forcing major upper-
ocean structure changes in the earliest Pliocene, much work is needed
to verify this idea and to test the effects of other ocean gateways on
thermocline depth. Future work should aim to increase the geographic
coverage of the surface and subsurface oceanographic reconstructions
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with an emphasis on ocean gateway regions (for example, the CAS,
Indonesian Seaway and Bering Strait). Such evidence would help to
constrain the timing and the nature of ocean circulation change, and
therefore climate change, associated with tectonic events in the late
Miocene and early Pliocene.

METHODS SUMMARY

Lipids were extracted from 0.5-5 g of crushed sediment with either a 3:1 dichlor-
omethane:methanol mix or pure dichloromethane using a Dionex ASE200 accel-
erated solvent extractor. The total lipid extract was evaporated to dryness under N,
and redissolved in 100-200 pl of toluene with hexatriacontane and heptatriacon-
tane internal standards. Separation of organic compounds was carried out on an
HP6890 gas chromatograph equipped with a flame ionization detector. Long-term
reproducibility of liquid standard replicates included in each gas chromatography
run was within £0.007 U 5, units, which is equivalent to =0.2 °C (s.d., n = 139).
We monitored the long-term precision of the entire method by processing a
sediment standard with each batch of samples. Reproducibility for the sediment
standards used for the 1208, 1021 and 1010 sites was +0.016 (s.d., n = 25), =0.013
(s.d.,n = 27) and £0.015 (s.d., n = 9) UX 5, units, respectively. The standard error
of the estimate for the global SST calibration of ref. 18 is +1.5°C.

Fossil shells of G. tumida were analysed for oxygen isotopic composition (3'*0)
using a Fisons Prism III dual inlet isotope ratio mass spectrometer. The precision
of NBS-19 (NIST-8544) and of an in-house Carrera Marble standard was better
than 0.08%o for §'®0. Measurements of 8'°0 are reported relative to Vienna-Pee
Dee Belemnite (V-PDB).
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Records of atmospheric pCO,

Numerous proxies of past pCO, have been used to reconstruct the variation in
atmospheric carbon dioxide over the last 15 myrs (Figure SI 1). The compiled proxy records
generally show that atmospheric CO, levels during the late Miocene (~12-5 myrs ago) were near
pre-industrial values. All but three data points (~8, 11, and 12 myrs ago) indicate that throughout
the late Miocene the high end of pCO, levels was less than modern values of ~390ppmv.
However, despite the good agreement between the various pCO, estimates for the late Miocene,
we suggest that based on the current state of understanding of the geochemical proxies, four
previously published records within the 15 myr composite are unreliable. First, Raymo et al.’s'
pCO, estimates, based on the bulk carbon isotopes of sedimentary organic matter, were
susceptible to contamination from non-marine sources, an issue that has been addressed with the
advancement of compound specific isotope measurements. Second, the pCO, estimates of
Freeman and Hayes (1992) were based on the carbon isotopes of sedimentary porphyrins®. The
source uncertainties associated with porphyrins have since been addressed through the
development of the alkenone pCO, proxy®. Third, since the boron isotope estimates of Pearson
and Palmer”, there has been substantial advancement in the understanding of boron isotope
fractionation factors, the evolution of seawater 8''B, diagenetic effects’, and analytical
methodology®. Fourth, because more work is needed to fully understand planktonic foraminifera

B/Ca dependency on [CO,”], temperature, and growth rate”®, we consider it premature to apply
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the B/Ca to long (myr) reconstructions of past pCO,, as Tripati et al.” did. For these reasons, we
have excluded the abovementioned records from Figure 1.

A recent compilation of ancient pCO, estimates also included data from paleosols'®'" a

s
well as two additional leaf stomata estimates' in the 15 myr long reconstruction’. However, the

uncertainties associated with these estimates are too large to constrain the pCO, changes of the

past 15 myrs. For this reason we have excluded these estimates from Figure SI 1 and Figure 1.

Global warmth during the late Miocene
In contrast to the paucity of temperature estimates available from the late Miocene
oceans, there is an abundance of paleobotanical and paleoecological data from the continents.

Pound et al."

recently compiled the available plant and vertebrate fossil data into a 240-site
paleoecological database for the Tortonian (11.61-7.25 myrs ago). The fossil assemblage
database then allowed the authors to use coexistance'> and CLAMP'*" techniques to make
climate estimates for the late Miocene. The vegetation reconstruction exhibited a warmer and
wetter world than modern with data coverage in the Western US, Europe, India, southeast Asia,
western South America, Alaska, central Africa, parts of northern Asia, and southern Australia.
The authors subsequently filled gaps in the data coverage by driving a vegetation model (BIOME

4) with the HadAM3 AGCM model. This modeling effort indicated that global temperatures

11.61-7.25 myrs ago may have been as much as 4.5°C warmer than modern.

Age models

Age models are based on shipboard age models for ODP Sites 1010 and 1021%, revised

foraminiferal and magnetostratigraphy for ODP Site 1208', and isotope stratigraphy as well as
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biostratigraphy for ODP Site 806*. The 1010 and 1021 SST reconstructions have an average
sample interval of ~70 kyrs. The SST reconstruction from Site 1208 has an average sample

interval of ~40 kyrs.

Site movement

Because tectonic movement of the Pacific plate resulted in poleward movement of the
sites used in our study, it was necessary to consider the impact of site movement on each of the
SST reconstructions. For this reason, we estimated the paleolocations of Site 1208 based on
Pacific Plate movement™ and used published estimates of paleolocations for Sites 1010 and
1021* to examine the temperature change that can be attributed to site migration relative to the
modern mean annual SST field”. The following table shows mean annual SSTs from the
modern site locations compared to the modern mean annual SSTs at the backtracked site

locations corresponding to the oldest part of each record in our study:

Mean annual SST at Modern mean annual | Modern mean annual SST difference
Site present site location SST at Site's 10myr SST at Site's 13myr (paleolocation-
°C) paleolocation (°C) paleolocation (°C) modern location)
(@)
1208 18.8 20.7 1.9
1021 14.3 15.1 0.8
1010 17.2 18.6 14

This analyses shows that over the last 10 myrs, not more than 1.9° of cooling recorded in the

ODP Site 1208 data could be attributed to the northward site movement. Even less cooling

recorded in the ODP Sites 1021 and 1010 could be attributed to northward movement of those

sites.
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Aalsosubsurface-surface at ODP Site 806

The following table shows the average A8'*0O

subsurface-surface

values for several intervals of

the past ~13 myrs. Average values 13-6 myrs ago more than doubled by 2-0 myrs ago.

Interval (myrs ago)

18
A6 Osubsur‘face-surface (%O)

Average

13-6 0.43083
5-3 0.57270
2-0 1.07286
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Figure SI 1. Estimates of atmospheric pCO,. Estimates from ice cores (purple line26-32), boron
isotopes (pink filled circles?, blue filled squares33, blue open squares34, green open
triangles’), boron/calcium ratios of planktonic foraminifera (black circles?), plant stomata
(blue diamonds3°-39), carbon isotopes of bulk sedimentary organic C (red open circles),
carbon isotopes of sedimentary porphyrins (green open squares3), and alkenones (green?9,
gold”, and blue shading®!). Gray line marks pre-industrial pCO, concentrations (280ppmv).
Vertical error bars represent reported uncertainty in pCO, estimates. Reported age uncer-
tainties are denoted with horizontal bars. Shading indicates the range between published
maximum and minimum alkenone pCO, estimates’4041,

23



Chapter 3. Basin-wide sea surface temperature distributions of the Pleistocene,

Pliocene, and late Miocene

Abstract

A lack of Neogene sea surface temperature (SST) data has made it difficult to
determine the role that basin-wide temperature distributions played in shaping the
climates both before and following the onset of widespread Northern Hemisphere
glaciation (NHG). To better characterize the basin-wide distribution of SSTs, we
used new geochemical SST estimates, as well as previously published data, to map
global SSTs for two time slices from before the onset of NHG, centered at ~4.15, and
9 Ma, and three time slices after the onset of NHG, centered at 2.55, 1.45, and ~0.55
Ma. The basin-wide SST patterns of the earliest time slices are distinctly different
from the time slices that follow the onset of glaciation ~2.7myrs ago. The late
Miocene and early Pliocene time slices show the presence of warm subtropical
eastern boundary current (EBC) regions, zonally uniform SSTs in the tropics and
mid-latitudes, poleward expansion of tropical warmth, and poleward offsets of the
subarctic/subtropical transition zones prior to the onset of NHG. The time slice for
2.7-2.4 Ma shows a meridional temperature gradient in the western Pacific that is
similar to the gradient of the early Pliocene, though the EBCs were cooler relative to
the early Pliocene. The two most recent time slices show EBCs with SSTs that were
similar-to or cooler than modern SSTs and meridional temperature gradients in the

western pacific that are steeper than those of the Miocene and Pliocene. The maps,
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combined with SST time series comparisons, reveal heterogeneous regional SST
changes that resulted in long-term strengthening in basin-wide gradients. The
observed strengthening of Pacific SST gradients since the late Miocene supports the
hypothesis that changes in basin-wide SST distributions were instrumental in
maintaining the warmth and suppression of Northern Hemisphere Glaciation in the

low pCO; conditions of the late Miocene.

3.1 Introduction

The spatial distribution of sea surface temperatures (SST) on basin-wide
scales plays a critical role in coupling oceanic conditions with the global climate
system. For instance, the spatial distribution of SSTs in the tropical Pacific (cold
tongue in the eastern equatorial Pacific (EEP), warm pool in the western equatorial
Pacific) comprises the foundation for Walker circulation. Changes in this SST
distribution determine the extra-tropical teleconnections that affect climate on a
global scale (e.g. ENSO, the largest source of interannual global climate variability)
[Chiang, 2009]. Modeling studies also indicate that both the location of SST maxima
and the structure of meridional SST gradients drive the large-scale atmospheric
convection that determines the position and strength of Hadley circulation cells
[Clement, 2006]. Thus, changes in basin-wide temperature gradients and the spatial
distribution of SSTs have the potential to impact the global climate system. For this
reason, reconstructions of past SST distributions and changes in large-scale

temperature gradients can provide valuable information in ongoing efforts to
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understand long-term trends in the Earth’s climate.

Climate model sensitivity studies that used proxy-data constraints of past
SSTs have suggested that the strengthening of both meridional and zonal SST
gradients may have played a major role in the evolution of Neogene climates prior to
and following the onset of Northern Hemisphere glaciation [Brierley and Fedorov,
2010; Brierley et al., 2009]. The modeling showed that as basin-wide SST gradients
became more pronounced, conditions favoring northern Hemisphere glaciation
developed and persisted. However, these modeling efforts used paleo-temperature
proxy data that was too sparse to adequately constrain the SST distributions of any
particular geologic interval and, because the proxy-data came from disparate regions
around the globe, the meridional gradients that represented the early Pliocene and
Pleistocene could only be estimated under the assumption that it was possible to
correct for the regionality of a particular proxy record. In other words, these efforts
were sensitivity studies forced by crude and idealized changes in SST gradients. To
model the mechanisms of climate change during past geologic intervals, an improved
picture of the trends in basin-wide SST distributions is needed.

The reconstruction of SSTs from a single oceanographic site cannot
adequately resolve basin-wide trends; rather records from a single site are suited to
resolve regional climate signals. Several studies aimed at understanding the onset of
Northern Hemisphere glaciation have assessed change in zonal and meridional SST
gradients by reconstructing Plio/Pleistocene SSTs from multiple regions [Etourneau

et al., 2010; Martinez-Garcia et al., 2010; Wara et al., 2005]. However, over the past
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17 years the efforts of paleoceanographers to generate high-quality geochemical
records of late Neogene climates has produced an even greater array of sites from
around the globe that can be used to develop a synoptic understanding of SSTs since
the late Miocene.

Here we use a combination of time series comparisons and mapping to
constrain the development of SST gradients in the Pacific basin since the late
Miocene. We generated new data to resolve the evolution of meridional SST
gradients in the west Pacific (at ~165°E), and combined it with published
geochemical SST time series data to provide a complete compilation of available
data. To control for the various geochemical approaches used by researchers in the
original publications, we applied a uniform dissolution correction to the raw Mg/Ca
temperature estimates and used consistent SST calibrations between data sets. We
used statistical significance tests to compare paleo temperature estimates to modern
conditions and then used a variogram and kriging approach to develop gridded fields
of paleo-proxy data between sites for five time slices of the late Neogene and
Quaternary periods. The results are synoptic, though simplified, snapshots of the
major features of the global SST distributions at ~0.7-0.4, 1.6-1.3, 2.7-2.4, 4.3-4.0
and 9.25-8.75 Ma. These maps of SST allow us to identify major global trends in
basin-wide SST distributions, resolve the meridional SST profile from 37°S to 54°N
along 165°E in the western Pacific, and quantitatively evaluate uncertainties in our
estimates of basin-wide conditions. In addition, we use time series data from the mid-

latitude and tropical Pacific to investigate the evolution of Pacific basin SST
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gradients. By using the maps and time series together we test the idea that weak zonal
and meridional SST gradients were a prevalent feature of the early Pliocene and late
Miocene, and thus can help to explain why these geological periods were warmer
than modern climates.
3.2 Methods

For this study we generated new SST records from six sites in the Pacific.
This new data includes alkenone SST estimates from DSDP Sites 173 and 207 and
ODP Sites 1207 and 1340, and Mg/Ca SST estimates from DSDP Site 208 and ODP
Site 873. We then used this new data as well as published alkenone and Mg/Ca SST
estimates to reconstruct the evolution of SST patterns over the past 13myrs (Table 1;
Figure 1).
Sea surface temperature estimates from alkenones

We reconstructed past surface water temperatures using the alkenone
paleothermometer at sites with adequate alkenone concentrations in the sediment and
mean modern annual SSTs that were markedly lower than the upper limit of the
alkenone proxy. This proxy is derived from the U* 37 index; the measure of Cs7.,
alkenones to the sum of Cs7., and Cjs7.3 alkenones that are produced, in the modern
ocean, by the coccolithophorid algae Gephyrocapsa oceanica and Emiliania huxleyi
[Prahl and Wakeham, 1987]. Higher values of U* 3 reflect higher growth
temperatures of the alkenone producing algae [Prahl et al., 1988]. We applied the
global calibration of Miiller [1998] to convert U* 37 into SST where U* 3, = 0.033T +

0.044 [Muller et al., 1998].

28



Lipids were extracted from .5-5g of crushed dry sediment with either a 3:1
dichloromethane:methanol mix or pure dichloromethane using a Dionex Accelerated
Solvent Extractor (ASE200). The total lipid extract was evaporated under a stream of
N, (Zymark Turbovap, water bath at 35°C) and redissolved in 100-200pu1 of toluene
spiked with hexatriacontane and heptatriacontane as internal standards. 1ul of sample
was injected into a HP6890 GC-FID with a cool-on-column inlet. Separation of
organic compounds was carried out on a DB-1 GC column (60m x .32mm x 0.1um
film thickness, Agilent) with either an integrated fused-silica guard column (1-10m x
.32mm, Duraguard) or a separate fused silica guard column attached to the main
column using an Agilent ultimate union (1-10m x .32mm, Restek). The initial GC
oven temperature was 90°C. The GC oven temperature was increased by 25°C/min
until reaching 250°C, 1°C/min until reaching 303°C, and 20°C/min until reaching
325°C, where it was held constant for 20 min. ~8cm of the guard column was cut off
prior to each run in order to maintain good chromatography. We used Agilent
Chemstation software to manually integrate the alkenone peak areas required for
determination of U 37 values. Long-term reproducibility of liquid standard replicates
included in each GC run was within + 0.007 U¥ '35 units, which is equivalent to +
0.2°C.

Sea surface temperature estimates from foraminiferal Mg/Ca

For sites 208 and 873 we used the Mg/Ca of planktonic foraminifera shells to

reconstruct past SSTs. At Site 8§73 the modern SST is above the upper limit of the

alkenone paleothermometer making Mg/Ca an especially suitable proxy for SST at
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the site. This proxy is derived from the temperature dependent substitution of
magnesium into calcium carbonate shells; sediment trap, culture, and core-top studies
have shown that the Mg/Ca follows a temperature dependence that can be described
with a logarithmic equation [4Anand et al., 2003; Barker et al., 2005; Dekens et al.,
2002]. In this study we used the dissolution correction of Regenberg et al. [2006] and
the calibration of Anand et al. [2003] to reconstruct past temperatures.

Sediments were soaked in DI water for 24hrs, washed and sieved at 63pum,
and picked for G. sacculifer (w/o sac, 355-425 um size fraction). Approximately 25
shells from each sample were crushed under glass plates, with an emphasis on only
cracking the shell chambers, as opposed to powdering the shells. Crushed samples
were then cleaned using the “modified Boyle” protocol described in Ford et al.
[2012], which includes a methanol rinse to remove clays, oxidative and reductive
cleaning steps, and a weak acid leach. Samples were run for minor element ratios on
a PerkinElmer Optima 8300 inductively coupled plasma optical emission
spectrometer (ICP-OES). Foram and liquid standards were included in each batch of
samples to evaluate analytical precision. Long-term reproducibility was +0.028
(n=317) and +0.256mmol/mol (n=77) for the liquid and foram standards,
respectively.
Mapping SSTs

We constructed maps of SSTs for time slices before and after the onset of
Northern Hemisphere glaciation using the published age models for each site. We

used biostratigraphic age models for DSDP 208, 209 [Hills and Thierstein, 1989], and
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ODP 873 [Rack et al., 1995], a magnetostratigraphic age model for ODP 1207 [Evans
et al., 2005], the Shipboard age model for IODP U1340 [Expedition 323 Scientists,
2011], and a combination of magnetostratigraphic and biostratigraphic age models for
DSDP 173 [Expedition 18 Scientists, 1973; Heinrichs, 1973]. Four of the time slices
were 300kyr long (spanning 0.7-0.4, 1.6-1.3, 2.7-2.4, and 4.3-4.0Ma) and one time
slice was 500kyrs long (spanning 9.25-8.75Ma) (Figure 1).

Because the data coverage for the time slices in our study is spatially sparse, it
is unlikely that the defining currents and major features of each ocean could be
reproduced using the absolute temperature estimates and site distribution of the paleo
data alone. In an effort to account for these circulation features, we added an
interpolated anomaly surface grid to the modern mean annual SST grid. To do this
we first estimated the modern mean annual SSTs for each site using the gridded
World Ocean Atlas modern mean annual SST dataset and the 2D estimation tool in
Ocean Data View software [Locarnini et al., 2010; Schlitzer, 2012]. We then
compared the modern SSTs and the proxy-based paleo SST estimates (Table 2) to
determine a paleo SST anomaly at each site:

paleo anomaly = SSTiimeslice- SSTmodern mean annual

We gridded the paleo SST anomalies using the variogram and kriging tools in
ArcMap9.3 GIS software (Figure 2). This gridding method uses the spatial
distribution of samples to perform a weighted-average interpolation between data
[Schafer-Neth et al., 2005] and provides an associated map of standard error in the

interpolated surface inherent to the kriging model (Figure 3). We used an ordinary
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cokriging approach to facilitate gridding; paleo anomalies were cokriged with the
modern World Ocean Atlas mean annual SST dataset using a spherical kriging model
[Locarnini et al., 2010]. This approach is suitable for gridding paleo data because the
heterogeneous spatial distribution of sites requires an interpolation method that can
resolve the small-scale variability in a densely sampled region while also using large-
scale variability to inform the gridding of data in regions that are sparsely sampled
[Schafer-Neth et al., 2005]. Cokriging allowed the high-coverage data of the World
Ocean Atlas to aid the kriging of the sparsely sampled paleo time slices. To estimate
the basin-wide distributions of absolute SSTs we added the gridded anomaly maps of
each time slice to the modern World Ocean Atlas gridded data set (Figure 4).

We used cross-validation in ArcMap9.3 to determine how well the kriging
model predicted values in regions without data. Cross-validation involves omitting a
site from the kriged dataset, predicting the value at that location using the degraded
dataset, and then comparing the predicted value with the actual value of the omitted
site [Krivoruchko, 2011]. This comparison of predicted and actual data was repeated
for all sites and allowed us to evaluate cross-validation errors for each time slice.
Generally, our kriging technique resulted in cross-validation root-mean-square errors
of ~2°C (Table 3). These relatively high root-mean-square errors may be the result of
sparse sampling of the global ocean, proxy error, and/or the heterogeneous SST
distributions of past intervals.

Some uncertainty in the paleo-reconstruction maps results from our use of the

World Ocean Atlas SST data [Locarnini et al., 2010] as both a co-kriging reference
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dataset and as a base-map for the paleo-map reconstructions. Specifically, uncertainty
arises because the correlation length scales of past SSTs are unknown. In each of the
time slices the ocean basin shape, large-scale atmospheric wind patterns, and regional
climatology all would have played a role in determining the appropriate SST
correlation length scales. Though it is beyond the scope of this study, we note that
the sensitivity of our gridded paleo-anomaly maps to cokriging with the global World
Ocean Atlas could be assessed by cokriging paleo-SSTs with a regional modern SST
dataset and comparing the two anomaly maps.

With our kriging approach the difference in the geochemical proxy value vs.
kriged surface temperatures at each site was typically <0.4°C. In the prediction
standard error maps of the kriged surfaces, the regions that have paleo-proxy data
exhibit relatively low error; error generally increases in regions farther from sites
(Figure 3). The relatively low-error regions comprise the focus of our discussion.

3.3 Complications of synthesizing SST records

The temperature records that we compiled for this study were generated over
the past 17 years by many different research groups often using different
methodologies for estimating SSTs. As a result, to construct a synthesis of the
available temperature estimates we needed to make the data internally consistent.
While there could have been issues in comparing temperature estimates of different
proxies or comparing SST estimates based on different temperature calibrations
within the same proxy, the area that required the most adjustment in order to achieve

internal consistency with the data was accounting for the effect of dissolution in
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Mg/Ca records. Previous work has shown that temperature calibrations of alkenones
are generally consistent [Lawrence et al., 2007] and the core-top, culture, and
sediment trap calibrations of G. sacculifer and G. ruber Mg/Ca with temperature are
generally consistent [Barker et al., 2005]. Furthermore, work in the EEP indicates
that alkenones and Mg/Ca generally agree on long time scales [Dekens et al., 2008].
Accounting for a dissolution bias in Mg/Ca records, however, remains a topic of
some debate and the methods of dealing with this varied from study to study.
Dissolution of foraminiferal carbonate by corrosive waters preferentially
dissolves Mg and as a result lowers the Mg/Ca ratio of the carbonate [Barker et al.,
2005]. This lowering of the original Mg/Ca ratio results in proxy-based estimates that
underestimate water temperatures; in other words, dissolution results in a bias
towards cooler values. Dissolution corrections based on shell mass [Rosenthal and
Lohmann, 2002], water depth [Dekens et al., 2002], or A{CO3> ], where A[CO5>] is
the difference between in situ carbonate ion concentration ([COs>]) and carbonate ion
concentration at saturation [Dekens et al., 2002; Regenberg et al., 2006], have all
been used to estimate and correct for the effects of dissolution on paleo temperature
reconstructions [Dekens et al., 2008; Karas et al., 2011a; Nathan and Leckie, 2009;
Wara et al., 2005]. However, in many cases, often based on the modern conditions at
each particular site (e.g. shallow water depth, good foraminifera preservation),
authors decided that dissolution corrections were unnecessary [de Garidel-Thoron et

al., 2005; Groeneveld, 2005; Groeneveld et al., 2006; Karas et al., 2011b; Karas et

34



al., 2009; Nurnberg and Groeneveld, 2006; Rackebrandt et al., 2011; Russon et al.,
2010; Steinke et al., 2010].

There is evidence that dissolution affects preservation of the paleo-
temperature signal when A[CO3 ] is < ~18-26umol/kg [Dekens et al., 2002;
Regenberg et al., 2006] and that the susceptibility to dissolution is species specific
[Regenberg et al., 2006]. To address these issues we corrected the raw Mg/Ca values
of the previously published records with species-specific dissolution corrections for
G. sacculifer and G. ruber [Regenberg et al., 2006]. We estimated A[CO5*] at each
site by merging the gridded GLODAP ocean carbon dataset [Key et al., 2004] with
the gridded World Ocean Atlas temperature dataset [ Locarnini et al., 2010] and used
Ocean Data View software to derive A{COs>] at each site (in regions not covered by
the GLODAP gridded data we used A[COs>] estimates of Goyet et al. [2000]). We
applied species-specific Mg/Ca corrections when A[CO;>] was less than
22.10umol/kg for G. sacculifer and 25.28umol/kg for G. ruber [Regenberg et al.,
2006]. We then calculated SSTs using the Anand et al. [2003] multispecies
calibration of Mg/Ca=0.38exp0.090T. The SST record from ODP1172 was based on
the Mg/Ca of G. bulloides and could not be corrected for dissolution. SSTs for this
site were calculated using the calibration of Mashiotta et al. [1999].

Our approach of using a species-specific correction for dissolution based on
A[CO5™] at each site is an attempt to correct for dissolution effects in a uniform way
among all of the Mg/Ca datasets. This correction aims to directly account for the

cause of dissolution; low A[COs>]. However, we found that at Site 806 the A[CO;”]
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corrected temperature estimates from Holocene G. sacculifer underestimated modern
mean annual SSTs by 1.1°C, while Holocene G. ruber Mg/Ca overestimated modern
mean annual SSTs by 0.4°C. Since Site 806 is in a location where there is good
constraint on modern A{COs>] (GLODAP bottle observations at 164°E, 3°N show
A[CO5*] = 4.067umol/kg at 2269m depth, we estimated nearby site 806 A[CO;*] =
5.692umol/kg) and has both G. sacculifer and G. ruber data from the Holocene as
well as older intervals, we chose to anchor all of the Mg/Ca records in our data
synthesis to the Holocene temperature estimates at Site 806. We added 1.1°C to all
temperature estimates based on G. sacculifer and subtracted 0.4°C from all
temperature estimates based on G. ruber. This adjustment allows all Mg/Ca
temperature estimates to be compared to the Mg/Ca-based temperature estimates of
Site 806, which were relatively stable since the late Miocene.

Each data set included in our synthesis had a unique sampling resolution with
some records resolving orbital scale variability and others providing only a single
data point within the bounds of a time slice. We averaged all of the proxy data within
a time slice in an attempt to get at the mean conditions of each time slice and to
determine the mean paleo anomalies at each site. However, because the climatology
in any region is determined by both the mean as well as the standard deviation in
temperatures, to best understand the significance of the proxy data within each time
slice we used the Wilcoxan-mean-Whitney test to compare median SSTs of each
proxy record to the median of monthly SSTs from 1958-2007 at each site

[SODA:Carton and Giese, 2008] (Figure 2). We compare medians, as opposed to
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means, because it is likely that the SSTs within each time slice do not follow a normal
distribution. For example, the Pleistocene glacials have become progressively cooler
since ~3.5 Ma, while the interglacial SST values have remained relatively steady
[Herbert et al., 2010]. This trend towards cooler glacial SSTs enhances the non-

normality of SSTs in each time slice after ~3.5 Ma.

3.4 Basin-wide SST distributions

In the following time slice summaries SSTs are reported relative to modern
mean annual conditions at each site, unless otherwise stated.
The late Miocene 9.25-8.75 Ma

More than half of the records that comprise the late Miocene dataset are from
sites in the mid-latitudes (Figures 2, 4) and much of our understanding of this time
slice comes from comparing the late Miocene portion of the records with the early
Pliocene portion of the same records. Mean SST estimates indicate that mid-latitude
eastern boundary current (EBC) regions of the North Pacific and South Atlantic were
~5-8°C warmer than today. The western North Pacific exhibited mean SSTs ~4-5°C
warmer than modern. In the South China Sea mean SSTs were ~2°C warmer than
modern. The tropical SSTs of the west Pacific warm pool and the tropical Arabian
Sea were similar to modern mean annual SSTs. At each site, the late Miocene
temperatures were warmer than those of the early Pliocene portion of the record. This
observation led us to construct the late Miocene timeslice map using early Pliocene

SST values to anchor regions that did not have late Miocene SST estimates; our main
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assumption was that in regions without direct geochemical estimates the climate was
at least as warm as that of the early Pliocene. Due to sparse sampling the late
Miocene timeslice is the least constrained of all the intervals discussed in this study.
The early Pliocene 4.3-4.0 Ma

The mid-latitude sites that exemplify the warm late Miocene cooled to some
extent by the early Pliocene, but the early Pliocene climate was still characteristically
warm (Figures 2, 4). EBC SSTs ranged from near-modern values to temperatures
~10°C warmer than modern. This range of EBC SSTs may reflect differences in the
local oceanography of each site such as proximity to upwelling regions or local
surface currents. Mid-latitude sites from the western North and South Pacific
recorded average SSTs ~2-3°C warmer than today’s.

Other parts of the globe were also characterized by relatively warm SSTs in
the early Pliocene. Mean SSTs of the high-latitude North Pacific and North Atlantic
were ~6-8°C warmer-than-modern. The tropics differed from modern conditions the
most in the eastern equatorial Pacific upwelling regions; SSTs were warmer than the
region’s modern waters by as much as ~4°C. In contrast, mean SSTs in the non-
upwelling tropical regions (e.g. the west Pacific warm pool, the tropical Indian
Ocean, the western tropical Atlantic, and the South China Sea) ranged from just under
~1°C warmer to ~2°C cooler than modern mean annual SSTs. Mean SSTs at
Caribbean Site 999 were ~4°C cooler than modern mean annual SSTs.

The Plio-Pleistocene 2.7-2.4 Ma

A transitional state between the warm early Pliocene and the ice age climate
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of the Pleistocene is somewhat visible in the Plio-Pleistocene timeslice with cooling
relative to the early Pliocene observed in many, though not all, regions (Figures 2, 4).
In this timeslice the mean SSTs of the high latitude North Atlantic cooled by ~3°C
relative to the early Pliocene; however, mean SSTs in the Bering Sea and sub-Arctic
Pacific were still within 1° of the early Pliocene values. Though North Atlantic mid-
latitude sites outside of the EBCs were within 1°C of modern values 2.7-2.4myrs ago,
the mid-latitude regions outside of the EBCs of the North Pacific and the South
Atlantic were ~2-3°C warmer than modern waters.

The EBC regions and the tropics also displayed variability in site-to-site
conditions during this timeslice. For example, eastern equatorial upwelling sites were
~1-4°C warmer than modern SSTs while the tropical non-upwelling sites recorded
SSTs that ranged from values near modern mean annual SSTs to ~3°C cooler than
modern mean annual SSTs. EBC temperatures ranged from ~1°C cooler to ~6°C
warmer than modern mean annual SSTs.

The early Pleistocene 1.6-1.3Ma

The mean SSTs of the early Pleistocene timeslice were more similar to
modern conditions than during any of the earlier time slices (Figures 2, 4). Non-
upwelling tropical regions were near modern values or cooler by no more than ~2°C.
Tropical upwelling sites in the eastern equatorial Pacific were less than ~2°C warmer
than modern. Mid-latitude regions were ~4°C cooler to ~3°C warmer than modern.
Subtropical sites in the Coral Sea were up to ~4°C warmer than modern. High

latitude sites in both the North Pacific and North Atlantic were ~5°C and ~3°C

39



warmer than modern, respectively.
The late Pleistocene 0.7-0.4Ma

The majority of oceanic regions for which we have late Pleistocene data
exhibit mean SSTs that were either cooler-than or close-to modern values (Figures 2,
4). Most mid-latitude regions were relatively cool, with mean SSTs that were cooler
than modern by ~0.5-5°C. In tropical non-upwelling regions temperatures ranged
from ~1°C warmer to ~2° cooler than modern and mean SSTs from tropical
upwelling regions ranged from ~2°C warmer to ~1°C cooler than modern.

In contrast to the prevalence of SSTs that were near-modern or cooler-than-
modern SSTs, the SSTs from the Coral Sea and the high-latitude sites of the Pacific
and North Atlantic were warmer than modern mean annual SSTs. SST estimates from
the Bering Sea, the sub-arctic North Pacific, and the subarctic North Atlantic were 2-
3°C warmer than modern mean annual SSTs; however, these estimates can be
explained by the seasonality of alkenone production. Modern production of alkenones
in these regions is limited to the warm seasons which are 3°, 4°, and 3° warmer than
modern mean annual SSTs in the Bering Sea, subarctic Pacific, and subarctic
Atlantic, respectively [Harada et al., 2003; Haug et al., 2005; Lawrence et al., 2009;
Locarnini et al., 2010]. Thus the warm paleo SSTs at these sites are within the
modern warm season temperature range. Unless the season of alkenone production
was different in this time slice (as well as in the 1.6-1.3 Ma time slice), the proxy
SSTs indicate that the past warm season temperatures of the high latitudes were

similar to the modern warm season SSTs. In contrast, the warm SSTs at
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tropical/subtropical sites in the Coral Sea, which were ~3-4°C warmer than modern
mean annual temperatures, are outside of the modern seasonal SST range.

Site GEOB3801-6, in the South Atlantic, exhibits SSTs ~8°C warmer than
modern, and appears to be an outlier. One possible explanation for the warm SSTs at
this site is that because Rackebrandt et al. [2011] attempted to exclude any
foraminifera that showed signs of dissolution from geochemical analysis, no
dissolution correction was needed at this site. The Regenberg et al. [2006] Mg/Ca
dissolution correction increased mean SST values by ~8°C relative to SSTs
determined from uncorrected Mg/Ca values. If this dissolution correction is not
applied, South Atlantic Site GEOB3801-6 exhibits temperatures 0.7-0.4 Ma that are

similar to modern SSTs.

Basin-wide SST gradients in the Pacific
The meridional gradient in the west Pacific

The difference in SSTs between the mid-latitude and tropical western Pacific
was smallest in the late Miocene and grew progressively larger as the as the mid-
latitudes cooled through the Pliocene and Pleistocene (Figure 4, 5a). This meridional
SST gradient can be assessed by comparing the SSTs of Site 806 in the western
equatorial Pacific (0°N, 160°E) with those of Site 1208 in the mid-latitude northwest
Pacific (36°N, 158°N). The modern difference in mean annual SSTs between these
sites is ~11°C [Locarnini et al., 2010]. Even after accounting for ~1.5°C of warming

that could be attributed to site movement of 1208 [LaRiviere et al., 2012], the SST
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gradient between these two regions was reduced by more than 4°C in the 9.5-8.75 Ma
time slice. The SST gradient became larger through the Pliocene and Plio/Pleistocene
transition but did not reach modern values until after ~2 Ma. In the late Pleistocene
the gradient slightly exceeded the modern difference between SSTs at sites 806 and
1208.

In addition to the time series comparison, the transect of sites running N-S in
the western Pacific allows us to estimate the shape of the meridional gradient of each
time slice. Based on the interpolated map surface along 165°E, the early Pliocene and
late Miocene gradients exhibit a relaxed profile, with mid and high-latitude
temperatures generally at or exceeding the summer maximum temperatures observed
in the modern ocean and near-modern mean annual temperatures in the tropical
Pacific (Figure 6). The overall effect of the reduced temperature difference between
the tropics, mid, and high-latitudes is a relatively broad zone of tropical warmth and a
poleward shift of the subtropical/subarctic transition zones. Of these warm intervals,
the late Miocene shows the greatest reduction, relative to modern conditions, in the
meridional gradient and the most poleward expansion of low latitude warmth.

In the North Pacific, the poleward extent of warm SSTs decreases through the
1.6-1.3 and 0.7-0.4Ma time slices (Figure 7). By the 1.6-1.3 and 0.7-0.4 Ma intervals
the North Pacific temperatures were either near or cooler-than the modern mean
annual SSTs along 165°E. Throughout all of the time slices most of the tropical west
Pacific SSTs varied from modern SSTs by no more than ~2°C.

In contrast to the Pleistocene SSTs along 165°E in the North Pacific, SSTs
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between ~10 and 25°S were warmer than even the maximum temperatures in a
typical seasonal range. Because part of this maximum is between sites, and is
therefore unconstrained by geochemical data, it is likely that this warm “hump” in the
profile is an artifact of the kriging technique.
The zonal gradient in the mid-latitude Pacific

The SST difference across the subtropical pacific was smallest in the late
Miocene and subsequently increased through the Pliocene time slice (Figures 4, 5b).
During the late Miocene time slice the SST difference between Northern California
Site 1021 (39°N) and the Shatsky Rise sites 1207 (38°N) and 1208 (36°N) was ~4°C.
By the early Pliocene the SST difference between Site 1021 and Sites 1208/1207 was
~6-7°C. This difference was fairly stable through the Pleistocene with the western
mid-latitude Pacific ~6-8°C warmer than the eastern side of the basin.
The eastern tropical and subtropical North Pacific

When compared with temperature records from the tropical Pacific, the Site
1010 (~30°N, in the southern California Current) temperature reconstruction reveals a
striking convergence in ocean temperatures of the tropical and eastern subtropical
North Pacific during the late Miocene. (Figures 4, 5c). New SST data from EEP Site
1338 indicates that during the 9.25-8.75Ma time slice the EEP SSTs were not
significantly different from SSTs in the warm pool [Rousselle et al., 2013], though
some SST estimates from Site 1338 are near the upper temperature limit of the
alkenone proxy and should be considered a minimum SST estimate. Eastern

subtropical North Pacific Site 1010 had temperatures just ~2-3°C cooler than SSTs
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throughout the tropical Pacific.

Long-term cooling in the southern California Margin was underway through
the latest Miocene and by the early Pliocene the site was ~5-6°C cooler than the
tropical Pacific sites. The difference in SSTs at Sites 806 and 846 became larger
through the early Pleistocene [ Wara et al., 2005] and the southern California margin
region continued to cool. By the 1.6-1.3 Ma time slice Site 1010 was 8°C cooler than
the eastern equatorial Pacific and ~12°C cooler than the western tropical Pacific. By
the latest Pleistocene the regions remained distinct; the southern subtropical site in the

California current was cooler than the EEP by ~6°C.

3.5 Discussion

Overall, the basin-wide SST distributions during the late Miocene and early
Pliocene resulted in reduced zonal SST gradients in the tropical and mid-latitude
North Pacific and reduced meridional SST gradients in the eastern subtropical and
western North Pacific. The eventual strengthening of these gradients occurred at
different times depending on the region. Generally, global SST distributions and
gradients closely resembled modern conditions by the Pleistocene time slices 1.6-1.3
and 0.7-0.4 Ma.

In the case of the North Pacific, SSTs were zonally uniform in the late
Miocene and then, because the eastern side of the basin cooled more than the western
side of the basin, became warmer in the west than in the east. In the early Pliocene,

the difference between SSTs in the west and those in the east became more
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pronounced; however, Pliocene East-West temperature differences were still smaller
than the across-basin temperature differences in the Quaternary.

In the modern ocean California Current advection of cool subarctic water
along the eastern side of the North Pacific subtropical gyre combined with nearshore
and offshore upwelling directs subtropical SST isotherms equatorward [Lyle et al.,
2000]. As aresult, Site 1010, which is at 30°N in the eastern Pacific, has a modern
mean annual temperature that is similar to the modern mean annual SSTs at sites
1208 and 1207, which are in the western Pacific at 36°N and 38°N, respectively. In
the late Miocene, this SST contrast broke down; Site 1010 SSTs were ~3°C greater
than temperatures at the more northern sites of 1207 and 1208 in the western Pacific
(1010 was ~4-6°C warmer if all of the records are adjusted for site movement). At the
same time, SSTs at Site 1021, which is in the northern California Current at 39°N,
were within ~4°C of SSTs at Sites 1208 and 1207 (1021 SSTs were less than ~2°
cooler than 1208 and 1207 SSTs when adjusted for site movement) (Figure 5b). Aside
from a transient warming event in the Northern California margin ~5.5-4 Ma, there
was no major change in the gradient between sites 1021, located in the Northern
California Current, and 1010, located in the southern California Current. Such a
constant gradient implies that there was no change in the either the relative amount of
upwelling between the two sites and/or in the advection of cool waters south in the
California Current.

SST reconstructions from Site 1010 indicate that in the late Neogene there

was zonal uniformity in SSTs across the lower latitudes of the North Pacific
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subtropical gyre. When considered together, the transect data from 165°E, estimates
of tropical SSTs from sites 806 [Nathan and Leckie, 2009; Wara et al., 2005] and
1338 [Rousselle et al., 2013] and the SST time slice maps suggest that there may have
been substantial poleward and eastward broadening of warm pool tropical
temperatures in the late Miocene and early Pliocene. Overall, the maps and time
series indicate that, in the North Pacific, and possibly globally, temperatures were
more zonally uniform in the late Miocene than at any other time in the late Neogene
and Quaternary periods.

This synoptic view of late Neogene and Quaternary geochemical SST records
shows that the late Miocene was a more extreme example of a warm climate than the
warm early Pliocene, a result that is consistent with deep water temperature
reconstructions [Lear et al., 2003] and terrestrial climate reconstructions [Pound et
al.,2011]. Based on our new data, timeslice maps, and North Pacific time series
comparisons, it appears that one major ingredient in the picture of Pliocene warmth,
reduced meridional SST gradients, was even more extreme in the late Miocene. In
addition, we find that the temperatures across the North Pacific basin were more
zonally uniform in the late Miocene. The SST changes since the late Miocene time
slice, and possibly even since the early late Miocene, are consistent with the SST
trends investigated in model sensitivity experiments of Brierley and Fedorov [2010]
and Brierley et al. [2009]. Though their model simulations were focused on the
suppression of Northern Hemisphere ice sheets in the early Pliocene, the results

provide some insight to the reasons for late Miocene warmth [LaRiviere et al., 2012].
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In the modeling experiments, relaxation of the modern basin-wide meridional
and zonal SST gradients resulted in an increase in mean global temperature of ~4°C.
The reduced SST gradients led to a weakening, expansion, and Northward
displacement of Hadley Circulation cells, increased atmospheric water vapor, an
increase in subtropical ‘high’ greenhouse clouds, and a decrease in low reflective
clouds [Brierley and Fedorov, 2010; Brierley et al., 2009]. Under these conditions
the reduced meridional SST gradient and zonal uniformity of mid-latitude SSTs
promoted subduction of warm water into the thermocline and caused a feedback loop
in which the thermocline deepened and upwelled water was relatively warm. Due to
a deep thermocline, warm upwelling regions helped to maintain the reduced SST
gradients and redistribution of clouds. As the basin-wide gradients strengthened, the
models indicated that these warming feedbacks were reduced (e.g. the thermocline
shoaled, upwelling regions cool, low reflective clouds develop over upwelling
regions, Hadley and Walker circulation become stronger) and continental conditions
suitable for Northern Hemisphere glaciation developed [Brierley and Fedorov, 2010].

An important note is that the thermocline of the tropical Pacific, a key player
in this type of circulation-driven warming, was deeper in the late Miocene [LaRiviere
et al.,2012]. The relatively deep thermocline can explain some of the heterogeneity
in SST changes that we observe in our synoptic study. In subtropical and tropical
upwelling regions where thermocline depth and SSTs are now coupled, the water
upwelled during the late Miocene and early Pliocene was substantially warmer than

modern upwelled waters. Once the thermocline shoaled past some threshold depth,
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upwelling processes delivered much cooler sub-thermocline waters to the surface
[Dekens et al., 2007]. Though there is still a lack of geochemical SST estimates from
the central subtropical North and South Pacific, the interpolated time slice maps
imply that the mid-latitude regions in the North Pacific that contribute to the
subduction of warm thermocline waters have been cooling since the late Miocene
(Figure 4). This trend in the spatial distribution of SSTs is consistent with the
shoaling thermocline mechanism; however, SST reconstructions from the subtropical
gyre are needed to fully test the accuracy of the interpolated SST estimates in these
regions.
3.6 Conclusions

The synoptic reconstruction of late Neogene and Quaternary proxy-based
SSTs highlights a heterogeneity of regional SST changes that comprises a long-term
trend of strengthening basin-wide sea surface temperature gradients since the late
Miocene. The climates of the late Miocene and early Pliocene were characterized by
dramatic warmth, relative to modern, in EBC and tropical regions that now exhibit
cool upwelling, moderate warming in mid-latitude non-EBC regions, and relatively
small temperature changes in tropical non-upwelling regions. Time slice maps,
gradient profiles, and time series comparisons exhibit reduced meridional and zonal
SST gradients during the warm early Pliocene but even more relaxed gradients in the
late Miocene. These basin-wide SST distributions may have been capable of
maintaining warmth in the global climate without an increase in atmospheric pCOs,

as the SST distributions of the interpolated maps are consistent with a deep global
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thermocline. By the ice age climates of the Pleistocene these SST gradients had
strengthened and SST distributions more closely resembled modern configurations.

This type of data compilation highlights the spatial heterogeneity of proxy
reconstructions of Neogene and Quaternary SSTs; the data clusters tightly in high
sedimentation regions (e.g. high productivity upwelling regions) while low
sedimentation rates throughout much of the open ocean make paleo reconstructions
difficult. However, synoptic SST reconstructions and kriging, such as in this study,
can help to elucidate the basin-wide SST patterns that may be critical to
understanding past climates. As more SST reconstructions from Neogene and
Quaternary intervals become available, future work should aim to use an advanced
kriging approach similar to that of the MARGO project. Such improvements would
include kriging ocean basins separately to reflect the different physical processes in
each basin, masking land, and weighing available data according to proxy

errors/reliability/quality [Schafer-Neth et al., 2005].
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Figure 1. Compilation of all geochemical temperature records used in this study.
Data is the difference from the mean SST of each record. Grey shading denotes time
slices that correspond to the maps in figure 2-4. Details of original data references
can be found in Table 1. Time series are ordered according to site latitude.
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Maps of paleo-SST anomalies relative to modern
mean annual SSTs

0.7-0.4 Ma

Filled Contours are in units of °C
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Figure 2. Maps of paleo sea surface temperature anomalies relative to modern mean
annual SSTs. Site locations are denoted with circles and triangles. Circles denote
sites where the median SST of the time slice is significantly different from the
median SST of the monthly SSTs 1950-2007 [Carton and Geise, 2008]. Triangles
denote sites where the median SST of the time slice is not significantly different
from the median of the monthly SSTs 1950-2007.
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Figure 3. Prediction standard error maps for each interpolated SST anomaly map in
figure 2. Site locations are denoted with circles and triangles. Circles denote sites
where the median SST of the time slice is significantly different from the median
SST of the monthly SSTs 1950-2007 [Carton and Geise, 2008]. Triangles denote
sites where the median SST of the time slice is not significantly different from the
median of the monthly SSTs 1950-2007. Gray shading that is not proximal to a site
marker in the 9.25-8.75 Ma map denotes locations of early Pliocene sites used to
aid in mapping (Table 2).
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Figure 4. Time slice snapshots of basin-wide sea surface temperatures. Site loca-
tions are denoted with circles and triangles. Circles denote sites where the median
SST of the time slice is significantly different from the median SST of the monthly
SSTs 1950-2007 [Carton and Geise, 2008]. Triangles denote sites where the

median SST of the time slice is not significantly different from the median of the
monthly SSTs 1950-2007.
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Figure 5. Development of large-scale SST gradients in the North Pacific. a. West
Pacific meridional gradient. Alkenone based SST estimates from Shatsky Rise sites
1208 (purple)[LaRiviere et al., 2012] and 1207 (gray) compared to Mg/Ca based
SSTs from western tropical Pacific site 806 (brown)[ Wara et al., 2005; Nathan and
Leckie, 2009]. b. Mid-latitude zonal gradient. Alkenone based SST estimates from
Shatsky Rise sites 1208 (purple) and 1207 (gray) compared to northern California
Current sites 1021 (light blue)[LaRiviere et al., 2012] and 173 (dark blue). c. Zonal
gradients of the tropical Pacific and comparison to eastern subtropical Pacific SSTs.
Mg/Ca based SST estimates from site 806 (brown) compared to alkenone based SST
estimates from EEP sites 846 (black)[Lawrence et al., 2006] and 1338
(mustard)[Rousselle et al., 2013], and southern California Current site 1010
(green)[LaRiviere et al., 2012]. Heavy lines denote Stineman smoothing curves
applied in KaleidaGraph software. Map shows mean annual SSTs [Locarnini et al.,
2010], site locations (white dots), and regional focus of each time series panel
(letters).
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Figure 6. West Pacific meridional SST gradient of late Miocene, early Pliocene, and
Plio-Pleistocene time slices. Curves denote the interpolated SST surface along 165°E
in time slice maps of Figure 4. Symbols show mean SSTs from nearby sites in a N-S
transect of the west Pacific. Error bars denote the standard deviation of SSTs in each
time slice. Late Miocene (orange curve, triangles), early Pliocene (red curve,
squares), and Plio-Pleistocene (blue curve, circles) values are overlaid on the modern
annual SST range (gray shading) along 165°E. Annual SST range from the World
Ocean Atlas [Locarnini et al., 2010].
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Figure 7. West Pacific meridional SST gradient of Pleistocene time slices. Curves
denote the interpolated SST surface along 165°E in time slice maps of Figure 4.
Symbols show mean SSTs from nearby sites in a N-S transect of the west Pacific.
Error bars denote the standard deviation of SSTs in each time slice. 1.6-1.3Ma values
(dark blue curve, squares) and 0.7-0.4Ma values (light blue curve, circles) are over-
laid on the modern annual SST range (gray shading) along 165°E. Annual SST range
from the World Ocean Atlas [Locarnini et al., 2010].
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Table 1. Site information

Available Water Depth
Site data (Ma) Geographic Region Latitude Longitude (m) Proxy Species ACO;™ (umol/kg) Reference

173 0.72-0.42 Northern California Margin 40.0 -125.5 2927 alkenones this study
1.62-1.38
2.71-2.42
4.32-4.03

207 433 Tasman Sea -37.0 165.4 1389 alkenones this study

208 0.57-0.36 Coral Sea -26.1 161.2 1545 Mg/Ca G. sacculifer 24.032 this study
1.63-1.35
2.53-2.39
4.34-3.96

214 2.74-2.36 Tropical east Indian Ocean -11.3 88.7 1665 Mg/Ca G. sacculifer 18.9 [Karas et al., 2009]

434396 G rubert

590 4.34-3.95 Tasman Sea -31.2 163.4 1308 Mg/Ca G. sacculifer 30.865 [Karas et al., 2011b]

607 0.74-0.35 North Atlantic 41.0 -33.0 3427 alkenones [Lawrence et al., 2010]
1.64-1.25
2.74-2.35

662 0.46-0.35 Tropical Atlantic -1.4 -11.7 3814 alkenones [Herbert et al., 2010]
1.64-1.37
2.74-2.35

709 2.74-2.37 Indian Ocean -3.9 60.6 3041 Mg/Ca G. sacculifer 7.055 [Karas et al., 2011a]
4.34-3.95

722 0.74-0.35 Arabian Sea 16.6 59.8 2022 alkenones [Herbert et al., 2010][Huang et
1.64-1.25 al., 2007]
2.74-2.35
4.3-3.96
9.21-8.92

758 0.74-0.35 Indian Ocean 54 90.4 2926 Mg/Ca G. sacculifer 7.406 [Dekens et al., in prep]
1.63-1.26
2.74-2.36
4.2-3.96

763 2.74-2.36 Indian Ocean -20.6 112.2 1367 Mg/Ca G. sacculifer 20.375 [Karas et al., 2011a]
4.33-3.95

806 0.73-0.36 Western equatorial Pacific 0.3 159.4 2520 Mg/Ca G. sacculifer, 5.692 [Wara et al., 2005] [Nathan and
1.63-1.25 G. ruber Leckie, 2009]
2.73-2.35
4.34-3.95
8.98-8.86

820 0.73-0.36 Coral Sea -16.6 146.3 278 alkenones [Lawrence and Herbert, 2005]

846 0.74-0.35 East equatorial Pacific -3.1 -90.8 3296 alkenones [Lawrence et al., 2006]
1.64-1.25
2.74-2.35
4.34-3.95

847 0.62-0.35 East equatorial Pacific 0.2 -95.3 3334 Mg/Ca G. sacculifer -6.345 [Wara et al., 2005]
1.63-1.25
2.73-2.38
4.33-3.98
849 1.5-0.5 Tropical Pacific 0.2 -110.5 3837 alkenones [McClymont and Roselle-Melé,
873 1.64-1.26 Tropical Pacific 11.9 164.9 1335 Mg/Ca G. sacculifer 8.272 Ih?so_(v]ijdy
2.87,2.18
4.42,3.74

882 0.74-0.35 Subarctic North Pacific 50.4 167.6 3255 alkenones [Haug, 1995]
1.64-1.26
2.74-2.37
4.34-3.96

925 0.58-0.43 Tropical Atlantic 4.2 -43.5 3042 alkenones [Pagani et al., 2010]
1.64-1.25
2.72-244.11
3.99

958 2.71-2.37 North west Africa 24.0 -20.0 3728 alkenones [Herbert and Schuffert, 1998]
4.32-3.96

982 0.74-0.35 North Atlantic 57.5 -15.9 1334 alkenones [Lawrence et al., 2009] [Pagani et
1.64-1.25 al.,2010]
2.74-2.36
4.3-3.95

999 2.74-2.35 Caribbean 12.7 -78.7 2828 Mg/Ca G. sacculifer 2242 [Groeneveld, 2005]
4.34-3.95

1010 0.72-0.36 Southern California Margin 30.0 -118.1 3466 alkenones [LaRiviere et al., 2012]
1.64-1.28
2.7-2.35
4.28-3.97
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1012 0.74-0.35 Southern California Margin 323 -118.4 1773 alkenones [Brierley et al., 2009]
1.64-1.25
2.74-2.35
4.11-3.95
9.23-8.8

1014 0.74-0.35 Southern California Margin 32.8 -120.0 1165 alkenones [Dekens et al., 2007]
1.64-1.25
2.73-2.35
4.29-3.95

1021 0.72-0.36 Northern California Margin 39.1 -127.8 4215 alkenones [LaRiviere et al., 2012]
1.63-1.26
2.71-2.35
4.34-3.98
9.18-8.75

1077 0.74-0.46 Angola Basin =52 10.4 2381 alkenones [Schefuss et al., 2004]
1.25-1.25

1082 0.74-0.35 Eastern tropical South Atlantic 2211 11.8 1281 alkenones [Etourneau et al., 2009]
1.64-1.25
2.74-2.35

1084 0.73-0.37  Eastern subtropical South Atlantic -25.5 13.0 1992 alkenones [Marlow et al., 2000]
1.63-1.31
2.71-2.35
4.25-4.13

1085 4.32-4.02 Eastern South Atlantic -29.0 14.0 1713 alkenones [Rommerskirchen et al., 2011]
9.04-8.79

1087 0.74-0.5 Eastern South Atlantic 315 153 1374 alkenones [McClymont et al., 2005]
1.52-1.25

1090 0.74-0.35 South Atlantic -42.9 8.9 3702 alkenones [Martinez-Garcia et al., 2010]
1.64-1.25
2.71-2.35

1143 0.74-0.35 South China Sea 9.4 1133 2772 alkenones [Lietal.,2011]
1.64-1.25
2.74-2.35
4-3.95

1146 9.24-8.77 South China Sea 19.5 116.3 2091 alkenones,  G. sacculifer -2.84 [Herbert et al., 2010]
Mg/Ca G. [Steinke et al., 2010]
quadrilobatus

1147-1148 0.74-0.4 South China Sea 18.8 116.6 3270 alkenones [Jia et al., 2008]
1.64-1.28
2.74-2.42

1172 0.61-0.35 East Tasman Plateau -44.0 149.9 2622 Mg/Ca G. bulloides 8.5 [Niirnberg et al., 2006]

1207 0.7-0.38 North Pacific 37.8 162.8 3101 alkenones this study
1.63-1.29
271237
4.34-3.97
7.92-7.49
1208 0.73-0.36 North Pacific 36.1 158.2 3346 alkenones [LaRiviere et al., 2012]
1.63-1.26
2.73-2.36
4.34-3.95
9.19-8.77
1237 0.74-0.35 Eastern tropical South Pacific -16.0 -76.4 3212 alkenones [Dekens et al., 2007]
1.64-1.25
2.74-2.36
4.33-3.98

1239 0.75-0.35 Eastern equatorial Pacific -0.7 -82.1 1414 alkenones [Etourneau et al., 2010]

1.64-1.25 [Rincén-martinez et al., 2010]
2.74-2.35

1241 2.74-2.43 Eastern equatorial Pacific 58 -86.4 2027 Mg/Ca G. sacculifer 2.381 [Groeneveld et al., 2006]
4.34-3.95 [Dekens et al., 2008]

1313 2.74-2.46 North Atlantic 41.0 -33.0 3414 alkenones [Naafs et al., 20101
1338 Eastern equatorial Pacific 2.5 -118.0 4210 alkenones [Rousselle et al., 2013]

1340 0.74-0.35 Bering Sea 54.0 180.0 1295 alkenones this study
1.61-1.34
2.74-2.37
4.33-4.02
MDO03-2699  0.58-0.35 Iberian Slope 39.0 -10.7 1865 alkenones [Rodrigues et al., 2011]

MDO06-3018  (.74-0.35 Western tropical Pacific -23.0 166.1 2470 Mg/Ca G. ruber 11.247 [Russon et al., 2010]
1.54-1.25

MD97-2140  0.74-0.35 Western tropical Pacific 2.0 141.8 2547 Mg/Ca G. ruber 7.9 [de Garidel-Thoron et al., 2005]
1.64-1.25

GEOB3801-6  0.74-0.41 Central South Atlantic -29.5 -83 4546 Mg/Ca G. ruber -8.81 [Rackebrandt et al., 20111

* @. ruber used over the 3.552-2.013Ma interval, G. sacculifer used over the 3.566-5.461Ma interval
® Data from Rousselle et al. [2013] is not included in the time slice maps.
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Table 2. SST estimates for each time slice

Modern mean annual SST Standard deviation of SODA proxy-based mean SST esimates
Site (WOA09)* (°C) SST 1958-2007 (°C) 0.7-0.4Ma 1.6-1.3 Ma 2.7-2.4 Ma 43-4.0 Ma 9.25-8.75 Ma
173 13.8 1.8 8.7+1.2,n=4 9.4+2.1,n=4 13.5+ 1.5, n=4 13.6 £ 0.3, n=4
207 17.6 2 20.6, n=1 early plio. mean
208 23.1 1.8 26.2+0.3,n=5 25.7+0.5,n=8 24.14+0.7,n=6 253 +0.6,n=11 early plio. mean
214 27.5 0.8 263+03,n=19 27.4+05,n=16 early plio. mean
590 21 1.9 24440.7,n=31 early plio. mean
607 17.9 2.8 15.1+£2.2,n=109 17.4+1.8,n=105 183+ 1.3,n=116
662 26 1.7 243+1.2,n=49 26+0.8,n=111 26.3+0.6,n=190
709 28.4 0.8 2744+05,n=45 27.3+0.7,n=45 early plio. mean
722 27 1.5 25.8+0.9,n=203 26.6+0.6,n=183 27+ 0.6, n=204 26.9+0.5,n=4 273+0.3,n=4
758° 28.6 0.6 27.6+0.7,n=43 27.7+0.8,n=19 27.2+0.9,n=22 25.8+0.9,n=6
763 253 1.7 25+0.7,n=34 27.1+0.5,n=32 early plio. mean
806 G. sacculifer 29.3 0.6 28.6+0.9,n=23 283+0.8,n=20 274+0.8,n=48  27.8+0.6, n=50 28.7+1.1,n=5
806 G. ruber 29.3 0.6 283+0.7,n=172 28.4+0.4,n=219
820 26.8 1.9 27.8+0.3, n=30
846 23.4 24 22.2+09,n=159 23.6+0.8,n=171 24.5+0.8,n=199 26.7+0.6,n=142 early plio. mean
847 24.4 2 263+0.6,n=7 268+0.9,n=23 28.1+14,n=15 28.7+12,n=15 early plio. mean
849 245 2.1 24.9+0.8, n=45 26+0.7, n=51
873¢ 28 0.8 28.8+0.5, n=2 28.3+0.7,n=7 28.3+0.4,n=2 27.6+0.5,n=2 early plio. mean
882 55 29 7.3+2.3,n=61 10 £2.7, n=56 13.2+3,n=52 124+ 1.7,n=11 early plio. mean
925 275 0.4 27.3+0.6,n=2 27.2+0.5,n=5 27.7+0.2,n=6 28 £ 0, n=2 early plio. mean
958 21.7 15 239+ 1.8,n=7 263+0.6,n=10 early plio. mean
982 10.7 1.5 12.8+1.6,n=75 13.6+1.5,n=142 14+14,n=105 16.9+1.9,n=34 early plio. mean
999 27.6 0.8 24.9 + 1, n=66 24.1+0.9, n=62
1010 17.7 17 162+2.1,n=8  16+1.7,n=8  17.9+0.8,n=13 22+13,n=13 264+ 1.8 n=4
1012 16.7 1.9 159+2,n=200 17.4+1.5,n=200 18.9+1.8,n=200 24 +0.5,n=85
1014 16.3 1.9 152 +2,n=38 17.1+1.6,n=28 21.9+1.8,n=19 25.8+0.6, n=25
1021 14.5 2.1 9.3+2.3,n=10 11.9+2.6,n=10 13.2+1.4,n=9 14.7+0.7,n=10 19.8+1, n=5
1077 25.8 2.3 249+ 1.7,n=73 243+ 14,n=4
1082 18.8 2 18 + 1.8, n=70 222+ 1.4,n=85 244+1,n=114
1084 17.9 1.7 152424, n=8 20+ 1,n=7 233+1,n=18 258+0.9,n=4 early plio. mean
1085 17.9 1.9 213+1.1,n=2 238+0.7,n=4
1087 17.8 1.8 16.5+1.4,n=35 17.9+1.3,n=54
1090 10.2 14 89+1.7,n=182 104+ 1.8,n=125 13.1+1.4,n=105
1143 283 1 27.1+0.8,n=187 28+0.5,n=171 284+03,n=162 28.9+0.1,n=12 early plio. mean
1146 26.7 22 24.7+1.1,n=286  26.2+0.7, n=231 28.5+0.7,n=17
1147-1148 269 2.1 254+1.1,n=16 26.5+0.8,n=15 27.6+0.6,n=4
1172 13.1 1.7 10.6 = 1, n=122
1207 165 3.9 154+150=8 185+12,n=6 19.5£0.9,n=15 20.7£09,n=12 23.6+08,n=3
1208 185 4.1 17415, 0=16 192+12,n=11 209+12,n=12 21.6£09,n=14 23.6+1.6,n=7
1237 20 2.6 19.4 + 1.4, n=54 21.9+1,n=39 224+ 1.1,n=33 22.1+1.9,n=14 -early plio. mean
1239 24.5 1.5 252+0.9,n=105 25.6+0.8,n=125 26.4+0.7,n=89
1241 27.4 1 27.1+0.6,n=44 27.8+0.5,n=141 early plio. mean
1313 17.9 2.7 18.9 + 1.7, n=106
1340 52 23 8.4+ 1.3,n=29 5.6+1.6,n=9 12.1 £ 1.4,n=18 13+1.2,n=15 early plio. mean
MD03-2699 17.4 24 15.7+ 1.7, n=722
MDO06-3018 243 1.6 28.2+0.7,n=59 27.8+0.6,n=42
MD97-2140 29.2 0.5 29.2+0.8,n=65 29.1+0.7, n=66
GEOB3801-6 20.6 2.3 28.7+0.6, n=112

* Modern mean annual SST of WOA09 was within 1°C of the mean of SODA 1958-2007 monthly SSTs at all sites

®Due to poor preservation and a likely dissolution bias we have omitted Site 758 4.3-4.0Ma SSTs from maps in figure 1

€873 mean SST estimates for 2.7-2.4Ma from data at ~2.2 and ~2.9Ma. Mean SST estimates for 4.3-4Ma from data at ~3.7 and 4.4Ma.
4 We used the modern SST at the 4 and 9Ma paleolocations to estimate anomalies for these sites

€1207 mean SST estimates for 9.25-8.75Ma time slice from data 7.9-7.5Ma
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Table3. Cross-validation errors

Cross-validation prediction errors

Root-Mean-
Anomaly map Kriging Type Kgriging Model Mean (°C) Root-Me;an-Square Average Standard MeanA Square Number of samples
(°C Error Standardized -
Standardized
9.25-8.75 Ma time slice ~ Ordinary cokriging Spherical 0.1675 2.069 1.819 0.06715 1.189 26
4.3-4.0 Ma time slice Ordinary cokriging Spherical 0.3938 1.943 2.467 0.1327 1.073 29
2.7-2.4 Ma time slice Ordinary cokriging Spherical 0.03073 1.404 1.817 0.02124 17.04 34
1.6-1.3 Ma time slice Ordinary cokriging Spherical 0.061 1.523 1.564 0.04398 1.114 33
0.7-0.4 Ma time slice Ordinary cokriging Spherical -0.1314 2.168 1.935 -0.03946 1.046 37
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Chapter 4. The utility of leaf-wax 3D as proxy for precipitation in coastal

western North America: a core-top transect and down-core pilot study

Abstract

A lack of well-dated, continuous records of precipitation has made it difficult
to identify the mechanisms responsible for the development of the mediterranean
climate in coastal western North America; however, there is an abundance of
sedimentary core material from the California Margin that could be used to
reconstruct the history of terrestrial climate in this region since the late Miocene. In
this light, we used a transect of core-tops along the California Margin to test the
utility of leaf-wax 8D as a proxy for precipitation in coastal western North America.
OD,-alkane Values are offset from ODprecipitation bY ~90%0 from ~29-39°N. The n-alkanes
~29-36°N are reliable indicators of the dDprecipitation 1N the southern coast region.
However, n-alkanes ~37-39°N originate from an interior sediment source area and do
not record the precipitation signal along the coast. The 8D,.aikanes from core-tops ~39-
42.5°N are offset from dDprecipitation bY ~70%0. This smaller isotopic offset may be the
result of fog-harvesting by north coast vegetation; however, uncertainties in the north
coast D precipitation, S€diment sources, and vegetation source waters make
interpretations of 0D,,-aikanes 1n this region difficult. A transect of early Pleistocene

samples exhibits 8D,_aikane Values that are similar to the late Holocene n-alkanes and
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indicates that sites from the southern California Margin are suitable for down-core
studies.

Low-resolution 0D,.aikane data from ODP Site 1010, offshore of Baja, shows
an overall decrease of ~7%o between the late Miocene and the late Pleistocene, with
most of the decrease taking place after the early Pliocene. Because the modern winter
precipitation in southern California generally originates from central and North
Pacific air masses and is isotopically light compared to the summer precipitation that
originates from the Gulf of Mexico, Gulf of California, and eastern tropical Pacific air
masses, we believe that the isotopic values at Site 1010 reflect a transition from year-
round precipitation during the late Miocene to an increasingly mediterranean climate
in the late Pleistocene. This climate transition may have been related to strengthening
of the North Pacific meridional sea surface temperature (SST) gradient and cooling of
local SSTs after the early Pliocene, though a higher-resolution reconstruction of

terrestrial climate in southern California is needed in order to test this idea.

4.1 Introduction

For at least the past 50 years, the accepted narrative of late Miocene and
Pliocene climate in western North America described a gradual transition out of the
wet/warm state of the middle Miocene to generally drier conditions by the Pleistocene
[Minnich, 2007; Raven and Axelrod, 1978; Retallack et al., 2002]. The ages of
Tertiary floras scattered through the Sonoran, Mojave, and Great Basin deserts

indicated that early Miocene rainfall was ample throughout the year and supported

70



rich woodlands, which included taxa that are now exotic to the West [Axelrod, 1977].
This floristic evidence implies that precipitation gradually decreased during the late
Miocene and early Pliocene, eventually developing into the highly seasonal rainfall
distribution and dry conditions of today [Axelrod, 1939; Lyle et al., 2008; Minnich,

2007; Raven and Axelrod, 1978].

Although this history of late Miocene and Pliocene climate evolution in
western North America is persuasive, the observations that support this narrative are
often spatially limited and poorly dated. Many of the older plant macrofossil studies
described indirect evidence of aridification, the dating of terrestrial data is poor (often
the dates are described as “late Miocene” or “Pliocene”), and the records are
discontinuous [ Wilson and Pitts, 2010]. The absolute timing of aridification, the rate
of climatic change, the spatial extent, and the amount of precipitation change are not
well constrained. As such, it has not been possible to identify mechanisms that led to
precipitation changes and to use climate records as a benchmark for climate modeling
[Brierley et al., 2009]. One paleo-proxy approach that has not yet been applied to this
topic involves using the hydrogen isotopic composition of terrestrial organic-
biomarkers, which are transported from land and then deposited and preserved in
marine sediments, to reconstruct the hydrologic history on land. Using deep sea
sediment cores has several possible advantages over terrestrial records; it can provide
continuous well-dated records of continental climate change, it integrates over large
spatial scales that encompass the sediment source region thereby providing a record

that minimizes the effects of local heterogeneous responses to climate change, and it
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can potentially be compared to isotope-enabled climate model simulations to advance

mechanistic interpretations of continental climate change.

The isotopic composition of plant leaf-waxes preserved in marine sediments
has the potential to monitor past changes in the isotopic composition of precipitation.
The waxy coating on plant leaves contains a variety of lipids including linear alkanes
(n-alkanes). These n-alkanes are ubiquitous components of ancient sedimentary
organic matter because they are generally unreactive during transport and burial.
Further, the carbon-bound hydrogen of n-alkanes does not readily exchange at low
temperatures [Schimmelmann et al., 2006], preserving the original isotopic
composition after burial. Recently published analyses of n-alkane hydrogen isotopic
composition (6D) demonstrate the utility of this measurement for paleoprecipitation
studies. These studies show that plant-wax n-alkane dD reflects the isotopic
composition of precipitation [e.g. Feakins, in press, Hou et al., 2008; Jia et al., 2008;
Liu and Yang, 2008; Polissar and Freeman, 2010; Sachse et al., 2004; Sachse et al.,
2006; Sauer et al., 2001; Smith and Freeman, 2006; Tipple et al., 2007] and can be

used to reconstruct past precipitation 6D values.

The n-alkane 8D proxy (8D-aikane) could provide an opportunity to better
understand the evolution of the mediterranean climate in western North America;
however, because the degree to which leaf-wax 8D found in sediments reflects
precipitation in western North America is still uncertain, initial validation of the
proxy is needed prior to conducting paleo-studies. Here we present 0D,aikane data

from a N-S transect of core-top sediments in the California Margin. With this
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transect we investigate the relationship between modern precipitation and dD,-aikane in
marine sediments, with a focus on the influences of sediment source, plant
physiology, and climate on the 0D,.aikane Signal. We also test the applicability of the
dD proxy to studies of climate change on long time scales with a low-resolution

reconstruction of 8D,,_ajkanes 10 southern California at ODP Site 1010.

4.2 Background
4.2.1 Terrestrial sediment delivery to the California Margin

Coastal rivers are the largest terrestrial sediment source to the California
Margin. The watersheds of these rivers delineate the major sediment source areas
that deliver terrestrial material to the marine sediments [ Griggs and Hein, 1980; Hein
et al.,2003]. Sediment delivery to the margin is highest in the mountainous northern
coast region of California and decreases towards the relatively small and more arid
watersheds of the southern coast regions [Griggs and Hein, 1980; Hein et al., 2003].
The largest sediment source area drains to the margin through San Francisco Bay and
consists of the Sacramento and San Joaquin river basins. These basins drain the
Central Valley, the western slope of the Sierras, the eastern slope of the Coast Range,
and interior parts of the northern mountains [Griggs and Hein, 1980]. Compared to
this interior region, the other California Margin sediment source areas are coastal,
though the north coast does receive some sediment from interior mountains of

northern California [ Griggs and Hein, 1980; Hein et al., 2003] (Figure 1a, Table 1).
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In our study, the sediment source areas identified by Griggs and Hein [1980]
and Hein et al. [2003] provide a starting point for many of our interpretations.
However, similar information was not available for the coastline of Baja, Mexico. As
a result, we estimated the sediment source regions for Baja based primarily on
topography. The division between the northern and southern Baja sediment source
regions in Figure 1a was meant to outline areas that were roughly similar in size to
the sediment source areas of southern California. The uncertainty in boundaries of
sediment source areas of Baja does not affect our interpretations of the overall
dataset.

4.2.2 Precipitation controls in modern California

Rainfall on the western coast of North America is highly seasonal, and tied to
seasonal changes in the large-scale atmospheric pressure field of the North Pacific. In
winter, the North Pacific High (NPH) pressure system is relatively weak and frequent
storm systems are directed to the northwest US where they deliver substantial rainfall
to central California. In the summer, the NPH is well-developed, directing storms
further north and resulting in dry summers throughout California and to the south
[Lyle et al., 2008]. However, there is a weak low pressure feature that develops over
the southwest US and northwest Mexican deserts: this produces a North American
summer monsoon effect, which draws in moisture from the Gulf of Mexico and
eastern subtropical Pacific [Friedman et al., 1992], but the total summer rainfall is
low. Though strong seasonality in precipitation is a primary feature throughout much

of California, there is also a strong gradient in overall rainfall within the region.
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Relatively high total annual rainfall characterizes northern California (North of
~38°N) while southern California and Baja are relatively arid [Lyle et al., 2008]

(Figure 1a, Table 1).

4.2.3 6D values in modern precipitation

The isotopic composition of precipitation reflects the source, transport and
rainout processes that deliver moisture to a given location. In particular,
condensation and rainout of water vapor during transport preferentially removes
moisture that is enriched in the heavier isotopologues (HDO and H,'®0), leaving the
residual vapor depleted in '®0 and D. Both northern and southern California are
dominated by winter precipitation. However, because the coastal climate is relatively
dry in the south and becomes progressively wetter towards the north, the models of
coastal California precipitation show a decrease (going from south to north) of ~20-
30%o from northern Baja to northern California (Figures 1b and 1c, Table 1) [Bowen,

2012; Bowen and Revenaugh, 2003; Bowen et al., 2005; Williams and Rodoni, 1997].

In addition to the isotopic effect produced by the precipitation gradient in
coastal California, the storms that provide moisture to the western coast of North
America originate in several different regions and the addition/removal of water
vapor along storm trajectories can impart different isotopic values on local
precipitation. The majority of the winter storms in the region travel eastward from
the North Pacific and result in precipitation that is isotopically depleted relative to
that of any summer storms. Summer storms originate in the eastern subtropical

Pacific and the Gulf of Mexico and produce precipitation that is isotopically enriched
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relative to the winter precipitation [Benson and Klieforth, 1989; Dawson, 1998;

Friedman et al., 1992].

4.3 Methods and Materials
4.3.1 Sites used in this study

We used 28 core-top samples to ground-truth the relationship between modern
ODprecipitation a1d OD,-aikanes in the sediments. The core-top transect spans ~10° of
latitude along the coast (Figure 1a,b, Table 2). Fourteen of the core-top samples came
from sites with previously published sedimentation rates that were calculated using
radiocarbon dating. With these sites it was possible to ensure that our sampling was
limited to late Holocene sediments. However, radiocarbon-based sedimentation rates
were not available for the remaining fourteen core-tops. Based on the depth of the un-
dated core-tops and an average sedimentation rate of the well-dated cores, of ~ 20
cm/kyr, it is likely that the un-dated cores are late Holocene aged as well (Table 2).

To generate the paleo 0D records we sampled four ODP sites that also
comprise a north-south transect along the coast (Table 2). Dating for these samples
was based on shipboard age models [Lyle et al., 1997]. At each core a sample from
~1.5 Ma was used to construct a ‘snapshot’ of early Pleistocene 8D, akanes. At ODP
Site 1010 a low-resolution down-core record was constructed from five samples dated

at~10.5,7,4, 1.5, and 0.5 Ma.

4.3.2 Methods
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Lipids were extracted from ~5-60g of crushed dry sediment with a 9:1
dichloromethane:methanol mix using a Dionex Accelerated Solvent Extractor
(ASE200). The total lipid extract was evaporated under a stream of N, (Zymark
Turbovap, water bath at 20°C) and subsequently split into three compound class

fractions using silica gel chromatography.

The total lipid extract was transferred to ashed 8” Pasteur pipettes plugged at
the tip with ashed glass wool and filled with 0.5g of silica gel (solvent rinsed, 70-230
mesh, activated at 200°C for 2 hours). Aliphatic, ketone, and alcohol/acid fractions
were collected from the silica column using 4ml each of hexane, dichloromethane,
and methanol, respectively. The ketone and alcohol fractions were dried and
archived. Elemental sulfur (Sg) was removed from the aliphatic fraction by passing
the fraction in hexane through an ashed 8”pasteurre pipette plugged at the tip with
ashed glass wool and filled with activated copper (-40-100 mesh, rinsed in 4 volumes
of dilute HCI, water, acetone, and dichloromethane) and collecting a total of 4ml of
hexane [ Wakeham and Pease, 1992]. The sulfur-free aliphatic fraction of each

sample was run on a GC-MS to confirm the presence of long-chained n-alkanes.

GC-IRMS analysis of 8D is quite sensitive to co-elution of chromatographic
peaks and as a result it is often necessary to purify samples as much as possible prior
to running on the GC-IRMS. For example, the n-alkyl lipids from Santa Barbara
Basin sediments span an isotopic range of 120%o [Li et al., 2009]; co-elution over
such a substantial isotopic range has the potential to severely limit the accuracy of the

compound specific dD measurements. To reduce the potential of contamination from
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co-elution, saturated strait chain n-alkanes were isolated from the desulfurized
aliphatic fraction prior to isotopic analysis by GC-IRMS. Saturated compounds were
separated from unsaturated aliphatic compounds using silver ion chromatography.
Samples were transferred in hexane to an 8 pasteurre pipette filled with 0.5g of silver
impregnated silica gel (10% w/w AgNO; on 60-200 mesh gel, activated at 120°C
overnight). The saturated fraction was collected with 4ml of hexane and the
unsaturated fraction was collected with 4mL of ethyl acetate. Normal and iso-alkanes
were separated from cyclic and branched alkanes using urea adduction. Samples
were dried under N and 200ul each of urea-saturated methanol, acetone and pentane
were each added to the sample vial. Vials were capped and placed in a freezer for 30
minutes. Immediately after removal from the freezer, excess solvent was evaporated
under a stream of N, leaving visible urea crystals on the bottom of each vial. Non-
adducts were washed from the crystals using hexane. The urea crystals were then
dissolved in 500ul of DI water and 500ul of methanol. N-Alkanes were extracted
from the water and methanol solution using hexane. The entire process was repeated
on the adduct fraction to minimize any residual cyclic and branched compounds
[Wakeham and Pease, 1992]. Purification of each sample was checked by GC-MS

analysis and sample concentrations were determined using a GC-FID.

Biomarker 8D values from the purified n-alkane samples were measured with
a Thermo Trace capillary gas chromatograph coupled to a Thermo Delta Plus XP
continuous-flow isotope ratio mass spectrometer through a high-temperature

pyrolysis interface. Samples were injected using a PTV inlet in splitless mode.
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Compounds were separated using a fused silica DB5-MS column (30m, 0.25mm L.D.,
0.25um film thickness). The initial GC oven temperature was 60°C. The oven
temperature was increased at a rate of 30°C/min until reaching 225°C, followed by
10°C/min until reaching 325°C, where it was held constant for 13 minutes. Separated
compounds were converted to C and H, in an alumina reactor held at 1425°C. n-
alkane peaks were identified based on elution times and isotopic composition of each
peak was determined using Isodat software. The H;" factor was determined from
reference gas pulses of increasing size using Isodat software at the start of each day.
Isotopic ratios of the samples were calibrated using an n-alkane standard of known
isotopic composition expressed relative to Vienna Standard Mean Ocean Water
(VSMOW). The standard, MixA2, was prepared by Arndt Schimmelmann at Indiana
University and includes fifteen n-alkanes (C;6-Csp). MixA2 was run every 4-6
samples. In addition, a lab standard was run at a range of concentrations each day to
quantify any size effects. The long-term reproducibility of 0Dcy9 from MixA2 was

+3.7%0 (s.d., n=45).

4.4 Results
4.4.1 Modern core-tops

The average chain length (ACL) and carbon preference index (CPI) of each
core-top sample can be used to help evaluate the source of n-alkane compounds in the
sediments. ACL values of terrestrial higher plants typically range from C,7-Cs3

[Eglinton and Eglinton, 2008; Pancost and Boot, 2004]. Small variations in terrestrial
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higher plant ACLs may be due to vegetation type, aridity, and/or growth temperature
[Schefuf3 et al., 2003; Tipple and Pagani, in press]. ACLs were determined from

chromatographic peak areas using the following equation:

ACL= 25(7’1C25 peak area)+ 27(nc27 peak area)+ 29(1’1C29 peak area)+ 3 l(l’lC31 peak
area)+ 33(l’lC33 peak area)/ nCZS peak area + I’lC27 peak area + nC29 peak area +

nCSl peak area +I’ZC33 peak area

ACL values range from 28.6-30 with a mean of 29.5 (Table 3). There is a small
negative relationship between ACL and latitude (slope= -0.1, R*=0.64, P<.0001),
with the shortest ACLs in the north and longest ACLs in the south.

CPI values represent the odd-over-even tendency of the n-alkanes in a sample
and can be used as a first-order assessment of non-terrestrial plant n-alkane inputs,
sample maturity, and contamination from oil. Terrestrial plant leaf-waxes generally
have a CPI >4, though there is large CPI variability between plant species [Diefendorf
et al.,2011]. CPI values less than ~4 are typically interpreted as an indication of
petroleum contamination (the CPI of petroleum is ~1), algal or microbial n-alkane
inputs, and/or thermal maturity and degradation of a sample [Pancost and Boot, 2004;
Pearson and Eglinton, 2000]. CPI values were calculated according the CPI2

equation of Marzi et al. [1993]:
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CP12=1/2((71C25 peak area + nC27 peak area + nC29 peak area + nCSl peak area +l’lC33
peak area / nC24 peak area + nC26 peak area + nC28 peak area + nCSO peak area
+l’lC32 peak area)+ (nCZS peak area + 7’lC27 peak area + 7’lC29 peak area + nCSl
peak area +I’ZC33 peak area / nC26 peak area + nCZS peak area + l’lC30 peak area +

l’lC32 peak area +I’ZC34 peak area))

CPI values range from 2.50-10.71 (Table 3) with a mean of 6.87. There is a negative
relationship between CPI and latitude (slope=-0.55, R*=0.51, P<.0001). In three of
the samples the even n-alkane peak areas were too small to integrate at the
concentration run; however, in each of these samples there were abundant odd »-
alkanes, indicating that the CPI was relatively high (denoted as >10 in Table 3).

The dD¢y9 and 0D¢3; values have a range of 18%o over the entire late
Holocene transect (Figure 2, Table 3). 6Dcy9 values range from -151 to -169%o and
dDc3; values range from -149 to -167%o. Despite this large overall range, the
northern and southern regions have similar 0D,ikane Signatures; the mean 6Dc29 and
mean 8Dc¢3; from sites ~29-35°N are 156%o in both cases, similar to values from sites
from ~39-42°N that exhibit mean 6D¢»9 and 0Dc31 values of -159%o and -158%e,
respectively. Sites between ~37° and 39°N exhibit the lowest 0D,.aikane Values in the

transect. In this region the mean 6Dcy9 is -166%0 and the mean 0Dc3; is -167%eo.

4.4.2 3D of paleo-records
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The transect of early Pleistocene samples has a smaller range of 8D,,-aikane
values than the transect of late Holocene samples (Figure 2, Table 3). The early
Pleistocene 6Dcy9 values have a range of ~12%o and the 0Dc3; values have a range of
~15%o. The absolute dD¢29 and dDc3; values of the early Pleistocene samples are
similar to those of the late Holocene samples, approximately -154 to 168%o. Except
for the dDcy9 at ODP Site 1021, the site-to-site variation in the early Pleistocene
samples generally follows a trend of decreasing 6D values associated with increasing
latitude.

ODP Site 1010 exhibits a trend of decreasing n-alkane 0D since the early
Pliocene (Figure 3, Table 3). The late Pleistocene dDcy9 is ~7%0 lower than the 0Dc29
at ~10.5Ma. Most of the depletion in dDc29 occurs within the last ~4 myrs; isotopic
values appear to be stable through the late Miocene and early Pliocene with a mean
ODc29 0of ~-152%0. By ~1.5Ma the dDc29 Was ~-155%o and by ~0.5myrs ago the 0Dc29
had reached -158%o. A one-way analysis of variance using the replicate analyses of
each sample confirmed statistical significance of this down-core trend
(F(4,20)=12.23, p<0.0001). Post-hoc Student-t tests show that the Pleistocene 6D
values are significantly different from Pliocene and late Miocene values (p<0.05 in all

cases).

4.5 Discussion

4.5.1 Delivery of terrestrial n-alkanes to the California Margin
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The ACL, CPI, and n-alkane concentration data indicate that the long-chain
odd n-alkanes in the California Margin core-top samples originated from terrestrial
plants and were delivered to the margin by rivers.

ACL variation in the core-top samples is small (28.6-30) and corresponds with
the range expected for higher plant leaf waxes (C,7-Cs3)[Pancost and Boot, 2004].
The slight anti-correlation between ACL and latitude (slope= -0.1, R*=0.64, P<.0001)
may reflect the latitudinal changes in vegetation type, temperature, and/or aridity
along coastal California, with both warmer and drier conditions characterized by
longer ACLs [Schefuf3 et al., 2003; Tipple and Pagani, in press]. Thus, the latitudinal
trend in ACLs from core-tops can be explained by any of these mechanisms, all of
which are consitent with local sources of n-alkanes.

The CPI range that we observe (2.5-10.71) reflects higher-plant leaf-wax
inputs to the core-top sediments [7ipple and Pagani, 2010]. Several of the northern
sites in our transect have CPIs <4, which is often considered to be the minimum for
modern-plant CPIs and indicative of some mixing from fossil or petroleum sourced 7-
alkanes [Jeng, 2006]. However, radiocarbon analysis of Eel River sediments showed
that petrogenic inputs in this region were minor [Drenzek et al., 2009]. Therefore, the
fact that the core-top CPIs are anti-correlated with latitude (slope=-0.55, R2=0.51,
P<.0001) indicates that the trend in CPI is likely the result of latitudinal variation in
vegetation. Diefendorf et al. [2011] showed that CPI values can vary greatly between
plant species. Pseudotsuga menziesii (Douglas fir, CPI=1.6), Abies concolor (white

fir, CP1=2.4) [Diefendorf et al., 2011], and Sequoia sempervirens (California
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Redwood, CPI=2.6) [Oros, 1999] all have exceptionally low CPIs and are main
components of the Klamath and Sierra montane forests, northern California mixed
evergreen forests, and redwood forests [Fites-Kaufman et al., 2007; Kulcher, 1990;
Sawyer, 2007]. Thus the vegetation shift from shrub-dominated in southern sediment
source areas to conifer forest-dominated in the northern sediment source areas is the
likely cause for the latitudinal trend in core-top CPIs (Table 1).

The concentrations of n-alkanes in these sediments suggest that the primary
source of long-chain odd n-alkanes was rivers rather than aeolian input. The
concentrations of C,5-Cs; n-alkanes in the core-tops varied from ~1-5pg/g sediment.
An approximation of C,5-C3; mass accumulation rates (MARs) indicates that the
core-top MARs are over ten times higher than MARs in sites associated with wind
delivery of leaf waxes [Jia et al., 2012] (MAR estimate based on average dry bulk
density of ODP 1019, 0.9 g cm™ [Ravelo et al., 1997], and a minimum core-top
sedimentation rate of 10cm kyr™).

Thus, it is probable that the sedimentary leaf waxes in California Margin
sediments originated from proximal sediment source regions that are similar to those
outlined by the clay-mineral provenance investigations of Griggs and Hein [1980]

and Hein et al. [2003] (Figure 1a).

4.5.2 OD of the core-top transect
The first order interpretation presented here is made by comparing the 8D,

alkanes data in core-tops to the Online Isotopes in Precipitation Calculator (OIPC)
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estimates of 0D precipitation [Bowen, 2012; Bowen and Revenaugh, 2003; Bowen et al.,
2005], and therefore the initial assumption is that the OIPC estimates are accurate in
the region of our study. However, implications of uncertainties in the OIPC estimates
are also considered. As a starting point, 0D,aixanes measured in core-tops are
compared to the dDprecipitation 1 the watersheds of nearby source areas to assess
whether dD,,-aikanes in deep sea sediments are a promising proxy capable of monitoring
past climate-induced changes in the broad spatial patterns of dDprccipitation. Since
climate not only impacts the dDprecipitation patterns on land, but also impacts the
isotopic fractionation between leaf-waxes and the source water (&€c29/source water), then it
is also important to assess whether the mathematical difference between the 0D,;-aikanes
and ODprecipitation, Which is the implied €ca9/source water, 1S consistent with what is
expected for the vegetation type and climate conditions in the source regions. The
discussion below begins by assessing the large-scale trends in 8D,-alkanes, but later
incorporates an evaluation of the implied &cao/source water.

Most of the sediment sources to the California Margin are located along the
coast, but because one large source area, the Central Valley (region 10 in Figure 1a
and 1b), is located inland, the expected 0D, -aikanes differs from the monotonic low-to-
high 6Dprecipitation trend that characterizes the sediment source areas along the coast
(regions 1-9 in Figure 1b). The delivery of Central Valley sediments to the California
Margin via outflow from the San Francisco Bay causes a local low in the expected
OD,-aikane Values. This is because the Central valley sediment source region includes

relatively D-depleted inland source waters and further D-depleted waters of the
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western Sierra Nevada Mountains. Taking all of these features into account, we can
construct a latitudinal profile of expected dDsource waters along the Margin (Figure 1c)
and use this framework to interpret the relationship between precipitation in the
sediment source regions and observed dD,akane Values from the marine sediments.

Based on the OIPC 0Dprccipitation €stimate, the dD,,aikanes should exhibit an
isotopic gradient, and possibly, because of variability in fractionation along the
transect, an even steeper gradient than observed in the 8Dyyrecipitation. However, the
OD,-aikane data does not exhibit a strong, monotonic continuous trend. Rather, core-
tops from the California Margin have the highest 8D,_aikane Values in the south and
north, and lowest values in the north-central region (Figure 4). This pattern is
explained below by considering both the dDpyrecipitation Of the n-alkane source areas and
differences in plant-water utilization in each region (e.g. plants utilize precipitation in
the south and north-central regions, but a combination of precipitation and fog in the
north).

Relatively positive core-top 0D, aikane Values from ~29° to 36° N reflect a local
source of southern California leaf-waxes to the marine sediments. For all but one of
the samples in this region, the 0Dc9 and dD¢3, leaf-waxes range from -151 to -159%o
and -152 to -162%o, respectively. This isotopic range is offset from the 0Dprecipitation OF
the southern California sediment source areas by a magnitude that is consistent with
observed apparent fractionation processes in the region (Figure 4). Feakins and
Sessions [2010] found that the €c29/source water Of sOuthern California vegetation was ~-

90%o, which is similar in magnitude to the €ca9/source water Observed in shrubs [Sachse et
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al., 2012]. While the observed isotopic offset between the core-top 8D,-aikanes and

OD precipitation 1S Variable, and difficult to associate with a particular month or the
estimate of mean annual precipitation (MAP) values, it agrees more closely with
previously published arid region/shrub &cag/source water Values than with the €cao/source water
of humid-region and non-shrub growth forms. In all, the core-top 0D,-aikane Values in
the southern part of the transect are reliable indicators of the 0D precipitation and the
£C29/s0urce water €Xpected from arid region/shrub vegetation in that region.

In the central portion of the north-south transect, at ~38°N, relatively negative
core-top dD,.-aikane Values reflect Sacramento/San Joaquin river delivery of Central
Valley and Western Sierra n-alkanes to the California Margin. The dD¢9 and 0Dcs3;
values between ~37° and 39°N are the lowest in the n-alkane transect and range from
-165 to -168%o (Figure 4). The isotopic offset between Central Valley precipitation
and these leaf waxes is consistent with a ~-90%o £c29/source water, Which 1s similar to that
observed in the southern part of the transect. In addition, because these relatively
negative 8D, aikane Values are in close proximity to San Francisco Bay, they also agree
spatially with the expected 0D,aikane low that corresponds to the dDprecipitation Of the
Central Valley sediment source area (Figure 1b). Though the 0D, aikane Values in this
region are low relative to the southern part of the transect, a simple latitudinal control
on 8D,-aikane 1 unlikely. A latitudinal gradient does not exist within the southern
region 29°-36°N, nor does it exist in the overall transect (29°-42°N).

North of ~39°N the 8D,-aikane iSOtopic range is similar to that of southern

California (Figure 4). This lack of a strong dD,-aikane gradient between north and
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south indicates that some factor(s) other than dDprecipitation must play a role in
determining the isotopic composition of northern California leaf waxes. The dDwmap
in the most northern sediment source area of the study (Region 9 in figure 1b) is
approximately 30%o lower than that of the most southern region (Table 1). However,
the -150 to -162 %o 0D,-aikane range in the North overlaps with the 0D,-aikane range in
the south and results in a much smaller offset from 0Dprccipitation than is observed
throughout the rest of the transect. In the north, the offset of the mean 0D,-aikane from
MAP is ~70%o. One likely explanation for the relatively high 0D,aikane Values is that
the vegetation in the north coast sediment source area derives a substantial portion of
its source water from fog.

Vegetation in northern California’s coastal forests has been shown to utilize
fog or fog-drip as a major water source [Dawson, 1998] and such fog utilization could
dampen the expected offset between 0Dprecipitation a1d 0D -atkanes- In the summer
months, when fog utilization is highest, the fog has 8D values (8Dr,) that are ~40%o
more positive than the 0Dprecipitation 1 northern California. In the winter months this
difference increases to ~55%o [Dawson, 1996; Dawson, 1998]. The mean value of
measured core-top 0Dc29 is -159%o which, when combined with expected
fractionation £cz9/source water 0Ff ~90%o, implies that the source water has a seasonally
integrated 0D value of -70%o. This 0Dsource water 1S possible if ~50% of the north coast
source waters are from fog or fog-drip and ~50% of the north coast source waters are
precipitation (estimate is based on an average offset between 8Dyog and dDprecipitation OF

49%o [Dawson, 1996; Dawson, 1998] and OIPC 8Dyap=-94%o). This estimate of fog
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input is larger than the average annual hydrologic input of fog and fog-drip in North
coast forests, which is estimated to be 34% where redwoods are present, and 17% in
open areas [Dawson, 1998]. Overall, our estimate of the magnitude of fog-derived
source waters hinges on the accuracy of the OIPC 0Dprccipitation and the accuracy of the
areal extent of the sediment source area.

Another possibility is that the OIPC estimates of dDprecipitation Underestimate
the actual isotopic values. Three years of observations of dDrecipitation from 41.5°N,
124.1°W show mean winter (December-May) 8D of -61%o [Dawson, 1996; Dawson,
1998], which is ~19%o higher than the OIPC estimates for the same location. These
observations imply that that fog waters are not needed to explain the enriched 8D,
alkanes at this site. Rather, these relatively positive precipitation values indicate that, at
this site, either the €co9/source water 0F ~90%o 1s too small or that n-alkane production is
limited to the months when 8Dyrccipitation 1S more negative than the mean winter values
[Dawson; 1998]. With 0Dprecipitation Observations from only one site near the western
edge of the OIPC interpolation, it seems premature to conclude that the integrated
OIPC north coast 0Dprecipitation €Stimate is inaccurate. Similarly, though there is
evidence that in southern California the dDprccipitation Of the 2006/2007 winter was
underestimated by the OIPC (by ~16%o) [Feakins and Sessions, 2010], the southern
California core-top data are consistent with the OIPC model and measured &cag/source
water TOT this region. Nonetheless, the disagreements between observed and modeled

ODprecipitation Values indicate that more observations of 0Dprecipitation are needed to
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adequately test the accuracy of the OIPC interpolation, especially in the north coast
region.

The 50% fog-water estimate represents an end-member value needed to
reconcile the dDj-aikanes With the dDwmap for the north coast sediment source area
(Figure 1b, region 9). It is possible that the sediment source area boundaries
overestimate the areal extent of sedimentary n-alkane delivery to the margin. If the
eastern boundary of the source area is revised to a more western location, the
integrated 0Dmap value would be higher and less fog input is needed to explain the
ODj-alkanes. Thus, accurate bounding of n-alkane source regions is an important part of
interpretation of dD,aikanes, €specially in areas with large 8Dprecipitation gradients.

The summer drought conditions in California typically limit peak vegetation
growth to the spring months when light availability is increasing, temperatures are
warming, and winter season moisture is still available [Minnich, 2007; Royce and
Barbour, 2001; Xu et al., 2004]. However, fog-harvesting in northern California can
effectively extend the growing season into the summer-drought conditions [Dawson,
1998], making it difficult to determine the boundary conditions of the isotopic system
recorded by the 0D,.aikanes. Because of the major isotopic offset between fog and
precipitation 0D, constraints on source-water utilization may be critical to accurately
interpreting down-core dD,,-ajkanes records in this region. Furthermore, the tight
coupling between fog and oceanic conditions (e.g. wind-driven upwelling, the Pacific

Decadal Oscillation [Johnstone and Dawson, 2010]) implies that the dD,-aikane Signal
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in northern coastal California is susceptible to a larger range of controls than regions
without the potential for fog source waters.

The interpretations discussed above are based on the assumption that leaf-wax
compounds were delivered to the California Margin with little pre-aging in terrestrial
soils prior to marine sedimentation. However, there is evidence from radiocarbon
analyses of Eel River sediments that some pre-aging, on the order of several kyrs,
occurs prior to marine sedimentation of leaf-wax compounds in northern California
[Drenzek et al., 2009]. Radiocarbon studies can provide some estimate of pre-aging
time-scales for leaf-waxes. For example, Drenzek [2007] found that in Cariaco Basin
and Saanich Inlet sediments, fatty acids derived from vascular plant detritus resided
in soils for decades to ~5.2 kyrs before being incorporated into marine sediments.
Roughly 70-90% of the plant-derived compounds in these marine sediments were
pre-aged in soils for ~2.5-5.2 kyrs and 30-10% of the compounds were pre-aged in
soils for decades [Drenzek, 2007]. To an extent, the pre-aging of n-alkanes in
California Margin core-tops would help to time-average the 8D,,aikane Signal and
facilitate our comparisons to climatological estimates of dDprecipitation, Such as the
OIPC dataset. However, pre-aging could also complicate the core-top 8D, aikane Signal
because it may result in a record of middle Holocene 0D prccipitation 1n the core-top
samples.

In the case of the Northern California margin sediments, pre-aging of n-
alkanes could partly explain the relatively small isotopic offset of 0D.-aikanes from

ODprecipitation- A high-resolution multi-proxy study of the Holocene climate in northern
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California suggests that middle Holocene conditions ~8.2-3.2 ka were warmer and
drier than the conditions of the late Holocene [Barron et al., 2003]. Less precipitation
in the middle Holocene, compared to modern, could have resulted in the relatively
high 0D,.aikane values that we observe in northern California Margin sediments. The
transition from the relatively warm/dry conditions of the middle Holocene to the
cooler/wetter conditions of the late Holocene and modern occurred ~5.2-3.5 ka
[Barron et al., 2003]. Because these more recent conditions are characterized by
coastal fog, which also acts to enrich the 8D,.aikane signal, it is not fully clear if the
OD,,-alkane Values in core-tops are a result of a middle-Holocene climate signal or fog
utilization, as we discussed earlier. Ultimately, compound specific radiocarbon
dating of n-alkanes in the California Margin sediments will be needed to fully

quantify the influence of pre-aged leaf-waxes on the n-alkane isotopic signal.

4.5.3 Paleohydrology
4.5.3.1 Pleistocene transect

Data from southern sites in the early Pleistocene transect show n-alkanes that
are enriched in D, relative to the more northern sites, and indicate that the southern
sites may be suitable for down-core studies. The 8D,.aikane Values at each site overlap
with the core-top values in each region and capture the contrast between the relatively
high 0D,.aikane Values of southern California and low values of the north-central region

(Figure 2). If transport of terrestrial material via winds or ocean currents had
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substantially homogenized inputs along the coast, then it would not be possible to
resolve the isotopic contrast between central and southern California. In addition,
there is excellent agreement between the early Pleistocene data from Site 1016 (34.5°
N) and the 6Dgjkanes from recent Santa Barbara basin (SBB) sediments in our study
(Figure 2), as well as an independent study by Li et al. [2009] that shows mean 8D
values of C;5-C33 odd n-alkanes of -155%o0 and -159%o in two recent SBB cores. This
agreement between the offshore ODP sites and the nearshore recent sediments
confirms that the offshore ODP sites reflect the dD,.aikane Signal from adjacent coastal
locations, which are dominated by fluvial input. Overall, the early Pleistocene
observations preclude (i) a significant inland source for the plant-waxes in southern
California and (ii) latitudinal mixing of coastal sources in both our late Holocene and

early Pleistocene data.

4.5.3.2 ODP Site 1010 down-core

The downcore record of 8D,aikanes from ODP Site 1010 suggests that there
was a shift from year-round precipitation in the late Miocene and early Pliocene to a
more summer-dry mediterranean climate in the Pleistocene (Figure 3). Relative to the
OD,,-alkanes In the Pleistocene, the high values of the late Miocene and early Pliocene
are indicative of higher amounts of summer precipitation. This interpretation is based
on the fact that the modern winter precipitation in southern California generally
originates from central and North Pacific air masses and is isotopically light

compared to the summer precipitation that originates from Gulf of Mexico and Gulf
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of California air masses [Benson and Klieforth, 1989; Dawson, 1998; Friedman et al.,
1992]. This interpretation is consistent with low-resolution pollen data from the same
site that shows >10% decline in summer-wet taxa between the latest Miocene and the
Pleistocene [Heusser, unpublished](Figure 5).

The pollen and isotope data from Site 1010 record a change in the seasonality
of precipitation, but do not show changes in precipitation amount. A simple shift to
more arid conditions would have resulted in increasing 8D,.aikane Values since the late
Miocene, as opposed to the decrease in values observed in the Site 1010 record. It is
possible that an overall decrease in precipitation amount muted the seasonal signal;
however, this cannot be determined from the available data. Vegetation shifts in the
sediment source area to 1010 cannot explain the decrease in dD,-aikanes €ither; rather it
may have muted the amplitude in the 6D,.aikane shift from relatively high to low
values. Based on the pollen analyses, there was a shift from the tree-dominated
vegetation in the Miocene to shrub-dominant in the present (chaparral) [Heusser,
unpublished]. This shift from forest to shrubland would tend to increase
evapotranspiration, resulting in a smaller €czo/source water [Sachse et al., 2012], and
higher 0D,alkanes. In all, the decreasing dD,-aikanes Values, and changes in pollen
assemblage, are strong evidence for a shift from wet-summer climate in the late
Miocene to the dry-summer climate of today.

Along with the pollen evidence for a vegetation shift, there is isotopic
evidence indicating that the distribution of photosynthetic pathway types has changed

since the late Miocene, also possibly affecting the €czo/source water 1N SOUthern
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California. Vegetation possessing the C; photosynthetic pathway is often found in
regions such as modern coastal California, which is characterized by cool growing
seasons and substantial winter precipitation. In contrast, plants with the C,4 pathway
tend to outcompete C; vegetation in regions with warm growing season and adequate
summer precipitation. The summer-dry conditions that characterize the modern
Mediterranean climate of California strongly favor the C; photosynthetic pathway
[Sage et al., 1999]. However, carbon isotopes in fossil horse teeth provide evidence
of greater C,4 vegetation in California during the middle Miocene [Crowley and Koch,
2007], possibly reflecting higher summer precipitation. An abrupt decrease, at ~2 Ma,
in the 8'"°C values of southern California fossil horse teeth indicates a shift to less Cy
influence in the region [Spero et al., 2003]. A shift to less C4 vegetation would result
in a smaller offset due to &cagssource water [Sachse et al., 2012] and would also mute the
amplitude of the isotopic shift from relatively high to lower values in the 1010 6D,
alkane Tecord.

The timing of changes in the 8D,ikane record agrees with that of the horse-
teeth 8"°C values [Spero et al., 2003] and indicates that most of the hydrologic change
in southern California occurred after the early Pliocene. This timing differs from the
paleobotanical evidence, which describes marked changes taking place earlier in the
late Miocene, and then a relatively stable hydrologic cycle over the past 5 myrs.
Pollen assemblages from offshore southern California (DSDP site 467, 33.8° N)
indicate that the change from a relatively humid, summer-wet climate to drier

summer-dry conditions started during the late Miocene. Genera now exotic to the
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west (Carya (hickory), Liquidambar (sweet gum), Fagus (beech)), which are
indicative of summer-wet conditions, decreased in southern coastal California by the
early Pliocene [Ballog and Malloy, 1981]. Because DSDP Site 467 is located ~4°N of
Site 1010, it is possible that the two sites may have experienced different regional
hydrologic change, or that the low-resolution of the 1010 record is aliasing higher
frequency variations in the hydrologic cycle of western North America. This
discrepancy highlights the lack of understanding of the evolution of the
mediterranean climate of western North America and a need for robust multi-proxy
records from individual cores that can be compared to model simulations for the
region.

The late Pliocene/early Pleistocene timing of changes in the 8D, aikane record is
also roughly coincident with the strengthening of basin-wide meridional sea surface
temperature (SST) gradients; a global-scale oceanic trend that could have played a
role in establishing the mediterranean climate after the early Pliocene. Recent model
results have shown that, relative to modern conditions, a reduction in the meridional
SST gradients causes a weakening of the Hadley circulation, and a redistribution of
precipitation patterns [Brierley and Fedorov, 2010; Brierley et al., 2009] (Figure 6).
The reduced meridional SST gradient increases summer season precipitation in
southern California/western Mexico. This occurs because the ITCZ is less intense in
the modeled early Pliocene climate, allowing for enhanced moisture flux from ocean
to land as part of the southwest summer monsoon. Although these model predictions

were for the early Pliocene, new SST records show warm subtropical North Pacific
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SSTs during the late Miocene and indicate that reduced meridional SST gradients
characterized the late Miocene as well [LaRiviere et al., in prep; LaRiviere et al.,
2012]. These model results are consistent with the dD,,-aikane and pollen evidence for
year-round precipitation during the warm early Pliocene and late Miocene, as well as
a transition to summer-dry conditions as the SST gradients strengthened.

It is also possible that local SST changes affected the seasonality of
precipitation in southern California. Cyclones from the eastern tropical Pacific deliver
more than 20% of the warm season precipitation to southern California and northern
Baja [Corbosiero et al., 2009]. Compared to the total number of cyclones that form
in the eastern tropical Pacific, the number that travel north and eventually reach
California is small. This is because cool SSTs off of southern California and high
wind shear, associated large-scale atmospheric circulation, weaken the storms before
they make contact with the land [Corbosiero et al., 2009]. However, there is
evidence that SSTs during the late Miocene and early Pliocene, off of southern
California and throughout the California Current, were warmer than modern, perhaps
enabling more tropical cyclones to affect the region.

The long-term, SST records from ODP Sites 1021 and 1010 show cooling
throughout the California Current since the start of the late Miocene, and the
nearshore sites ODP 1012 and ODP 1014 exhibit cooling since the early Pliocene
(Figure 7) [Brierley et al., 2009; Dekens et al., 2007; LaRiviere et al., 2012]. The
nearshore southern California sites exhibit warmer early Pliocene SSTs than Site

1010, which is located further south, and further offshore than Sites 1012 and 1014.
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However, the difference in Pliocene SSTs among the southern California sites may be
a reflection of the small-scale variability of alkenone production within upwelling
regions [Bac et al., 2003] and/or a tendency for open ocean deep-water sites to record
slightly cooler alkenone-based SSTs than shallower nearshore sites [Herbert et al.,
1998]. Overall, the local waters of southern California were warmer than modern
during the late Miocene and Pliocene and would have been more conducive to eastern
tropical Pacific cyclones progressing northward and delivering summer precipitation
to southern California. In addition, the reduction in wind shear, relative to modern,
that is associated with the reduced late Miocene and early Pliocene basin-wide SST
gradients would also enable more tropical cyclones to reach southern California, a
trend which has been predicted by models of early Pliocene climate [Fedorov et al.,

2010].

4.6 Summary and Conclusions

We measured the hydrogen isotopic composition of leaf-wax n-alkanes in
California Margin sediments to evaluate whether the 8D,,_aikane proxy is capable of
monitoring changes in coastal western North American precipitation since the late
Miocene. OD,-aikane Values from ~29-36°N are offset from 0Dprecipitation DY an amount
that is consistent with the eca9/source water €Xpected for arid regions and are reliable
indicators of the region’s dDprecipitation. ODp-aikane Values from ~37-39°N also exhibit an
offset from 0D precipitation that 1s similar to arid region €czossource water; hOwever, n-alkanes

from this region originate from a large interior sediment source area that is influenced
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by the D-depleted precipitation of the western Sierras and the rain shadow from the
coast ranges. The 0D,aikanes ~39-42.5°N show the smallest offset from dDprecipitation
along the transect, possibly due to fog-water utilization in north coast vegetation.
Uncertainties in vegetation source water, ODprecipitation, €Xtent of the sediment source
area, and n-alkane pre-aging in soils complicate the use of the D,.aikane proxy in this
region.

The 8D,.aikanes Of early Pleistocene sediments confirm the utility of southern
California Margin n-alkanes for monitoring local precipitation. The down-core
record from ODP Site 1010 shows relatively stable D29 values during the late
Miocene and early Pliocene, followed by a shift to lower values after the early
Pliocene. These data, combined with pollen data from Site 1010, and "°C isotopes
from fossil horse teeth [Spero et al., 2003] indicate that the establishment of the
mediterranean climate in western North America may have occurred in the late
Pliocene or early Pleistocene, later than previously thought. This shift in terrestrial
climate may have resulted from a combination of strengthening basin-wide SST
gradients and cooling of local SSTs. However, it will not be possible to accurately
identify correlations between precipitation on land and SSTs unless more continuous
and higher resolution records of precipitation in western North America are

generated.
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Figure 1. Rainfall, dDprecipitation, and sediment source areas relative to site locations. a.
Mean annual rainfall in the study area. A pronounced rainfall gradient exists within
the study area, with high rainfall north of ~38°N and relatively dry conditions south
of ~38°N. GIS dataset from CDF-FRAP [2010]. Sediment source areas, outlined in
red, are numbered and correspond to Map IDs in Table 1. Circles denote site
locations. Site numbers correspond to Map IDs in table 2. b. Mean annual hydrogen
isotopic composition of precipitation in the study area. 8Dprecipitation from OIPC GIS
gridded dataset [Bowen, 2012; Bowen and Revenaugh, 2003]. c. Latitudinal profiles
of 0Dprecipitation Showing the monthly variation in 8Dprecipitation fOr €ach sediment source
area. Data points represent the mean of all OIPC cell values within each sediment
source area. ODprecipitation Values plotted at the midpoint latitude of each sediment
source area, except for area 10. The 0D precipitaion Of area 10 is plotted at the latitude of
the mouth of San Francisco Bay.
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Figure 2. Core-top and early Pleistocene dD;;_aikanes- The mean of replicate analy-
ses of Cpg n-alkanes (squares) and C3; n-alkanes (circles) is plotted for late Holo-
cene core-top (green, purple) and early Pleistocene (orange, blue) samples. Error
bars show standard error of replicate analyses.
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Figure 3. The downcore record of leaf wax 8D at southern California Site 1010.
Stable values persisted during the late Miocene and early Pliocene before trend-
ing towards lighter values. This long-term trend towards lighter 6D values may
reflect a shift to a more seasonal climate with dry summers and wet winters.
Circles denote the mean of replicate analyses. Error bars show standard error of

replicate analyses.
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Figure 4. Core-top 6Dy,-alkanes and dDprecipitation- The X axis of dDprecipitation 15
shifted by 90%o relative to the 6D;,_aikane axis. The mean of replicate analyses of
Cy9 n-alkanes (squares) and C31 n-alkanes (circles) is plotted. Error bars show
standard error of replicate analyses. 8Dprecipitation Of spring (March-May), late
summer (August, September), and mean annual 6D from figure 1c.
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Figure 5. Pollen data from California Margin sites. All sites show a decline in the
percentage of pollen indicative of summer-wet conditions since the latest Miocene.
Pollen data from Heusser [unpublished].
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Figure 6. Model prediction of the response of P-E to increases in the tropical-
subtropical (30°N — 30°S) SST meridional gradient (courtesy of Chris Brierley,
based on experiments described in Brierley and Fedorov (2010)). Anomaly is the
change in P-E that occurs when SST gradients are enhanced, as observed for the
Miocene — present trend. The summer monsoon (left panel) is severely diminished,
and the winter mid-latitude storms are enhanced (right panel), as global climate
cools, SST gradients increase, and Hadley circulation intensifies since the late
Miocene.
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Figure 7. Alkenone based SST estimates. DSDP 173 and ODP 1021 are located in
the northern California Current. ODP Sites 1012 and 1014 are located in the Califor-
nia Borderlands region of the southern California Current. ODP Site 1010 is located

in the southern California Current. Alkenone SST estimates from Site 173 from

Talmage [UCSC senior thesis, 2009]. SST records of Site 1012 from Brierley et al.
[2009], Site 1014 from Dekens et al. [2007] Sites 1010 and 1021 from LaRiviere et

al. [2012].
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Table 1. Vegetation, precipitation amount, and isotopic composition of precipitation in sediment source regions

Map ID Sediment source region

Maximum
monthly

3D precipiation (%0)' D precipicaion (%0)"

Minimum
monthly

Mean annual
8D precipitation

(%o)'

Mean annual
rainfall

(inches)?

Major vegetation types’

1 North central Baja
2 North Baja

3 LA/San Diego

4 Santa Barbara

5 Lompoc

6 Big Sur/Central Coast

7 Penninsula/North Monterey Bay

8 Russian River

9 North Coast

10 Central Valley

-43.7

-46.5

-45.9

-47.5

494

-50.0

-52.6

-58.1

-70.6

-61.2

-79.3

-82.1

-79.4

-79.4

-81.2

-79.5

-80.4

-85.4

-102.7

-93.1

! data from Bowen [2012], Bowen and Revenaugh [2003], and Bowen et al. [2005]

2 data from CDF-FRAP [2010]
* data from Kulcher [1990]
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-62.9

-68.6

-68.6

-71.0

-73.8

-72.8

<742

-79.3

-93.9

-85.6

N/A

N/A

17.4

19.7

19.5

183

30.6

44.8

589

25.6

N/A
N/A

southern oak forest
coastal sagebrush
chaparral

coastal sagebrush

southern oak forest

chaparral

mixed hardwood forest (minor)

southern oak forest

chaparral

coastal sagebrush

valley oak savanna

Blue Oak-Digger Pine forest (minor)

southern oak forest

Blue Oak-Digger Pine forest
California Prairie

mixed hardwood forest

mixed hardwood and redwood forest
(minor)

coastal sagebrush

redwood forest
coastal prairie-scrub mosaic
mixed hardwood forest (minor)

redwood forest

coastal prairie-scrub mosaic
mixed hardwood forest

Blue Oak-Digger Pine forest
valley oak savanna

redwood forest

mixed evergreen forest w/ rhododendron
Klamath montane forest with douglas fir
mixed evergreen forest with chinquapin
Klamath montane forest with yellow pine

sagebrush steppe

yellow pine shrub forest
Sierran montane forest

upper montane-subalpine forest
Sierran yellow pine forest

Blue Oak-Digger Pine forest
California prairie

Tule marsh
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Chapter 5. Conclusions

This dissertation is comprised of three projects that aim to increase our understanding
of the evolution of North Pacific climate since the late Miocene. Each of the projects
used the geochemistry of marine sediments to reconstruct paleoceanographic and
paleoclimate conditions during various intervals of the past ~13 myrs. These long-
timescale studies enabled us to examine Earth system responses to diverse climate
perturbations. The resulting work has highlighted the major role of the oceans in

shaping global and regional climates.

In Chapter 2 of this dissertation, “Late Miocene decoupling of oceanic warmth and
atmospheric carbon dioxide forcing,” we compared new alkenone-based temperature
data with published pCO, data to evaluate the relationship between them; we did not
a priori assume that a relationship existed. The proxy records showed that during the
late Miocene, ~12-5 Ma, SSTs from the mid-latitude North Pacific were substantially
warmer-than-modern and decoupled from atmospheric pCO; concentrations.
However, after ~5 Ma, possibly because of a tectonically forced shoaling of the
global thermocline, SSTs became more sensitive to small changes in atmospheric
pCO; and the coupling between atmospheric pCO; and climate increased through the

Pliocene and Pleistocene epochs [LaRiviere et al., 2012].
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Because of the surprising findings in Chapter 2, the pCO, records of the late Miocene
require critical examination. Currently there is less data available describing the late
Miocene pCO; levels than is available for describing pCO, in the Pliocene and
Pleistocene epochs; however, the balance of proxy-based evidence suggests that the
pCO; of the late Miocene was near pre-industrial values [LaRiviere et al., 2012].
This picture is consistent with two recently published multi-proxy studies that show
pCO; values of ~300ppmv by ~13-14 Ma [Foster et al., 2012; Badger et al., in press].
However, even if the pCO, estimates for the late Miocene, ~12-5 Ma, are later
revised to the uppermost estimates of ~400 ppmv [LaRiviere et al., 2012 SI] the main
premise of Chapter 2 will still hold: there would still have been a decoupling of the
late Miocene SSTs (which are warmer than those of the early Pliocene) from the
atmospheric pCO; levels (which, if revised, would be similar to those of the early

Pliocene).

To better resolve the pCO; history of the late Miocene, multi-site/multi-proxy
reconstructions are needed. However, pCO, reconstructions should not be the only
target of paleoceanographers studying late Miocene climates—future work is needed
to reconstruct the subsurface ocean circulation near changing oceanic gateways and to

reconstruct the large-scale SST distributions of each ocean basin.

Chapter 3, “Basin-wide sea surface temperature distributions of the Pleistocene,

Pliocene, and late Miocene,” focuses on describing the spatial distribution of SSTs for
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the global ocean using new and previously published data from the late Miocene,
Pliocene, and Pleistocene. In Pliocene climate models, the spatial distribution of
SSTs, specifically the basin-wide meridional SST gradient, has been identified as a
potentially important contributor to global warmth [Brierley et al., 2009; Brierley and
Fedorov, 2010]. The increased sampling coverage in Chapter 3, compared to Chapter
2, enabled us to reconstruct the meridional SST gradient in the western Pacific from
late Miocene, Pliocene, and Pleistocene time-slices and test the idea that weaker-than-
modern basin-wide SST gradients were a prevalent feature of the late Miocene and
early Pliocene climates. Of all the time-slices, the late Miocene showed the weakest
meridional and zonal SST gradients. Heterogeneous regional cooling resulted in a

long-term strengthening of basin-wide SST gradients through the more recent epochs.

To establish the SST distributions in data-poor regions, further SST reconstructions
are needed, especially in the central regions of each ocean basin, the Southern Ocean,
and the South Pacific. To more reliably reflect the different physical processes in each
ocean basin and reduce the error associated with data gridding for each time-slice,
future efforts to map the SSTs of each time-slice should aim to grid the SSTs of each
ocean basin separately, mask land, and weigh available data based on the proxy-error
and data quality. However, future work notwithstanding, the data in chapters 2 and 3
of this dissertation have begun to outline a transition from a relative decoupling of

atmospheric pCO; and climate during the late Miocene, which featured relatively
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weak basin-wide SST gradients, to a more coupled system in the Pliocene and

Pleistocene, which featured stronger basin-wide SST gradients.

Chapter 4, “The utility of leaf-wax 0D as a proxy for precipitation in coastal western
North America: a core-top transect and down-core pilot study,” assesses the potential
of using the 0D, .aikanes in California Margin sediments to reconstruct past changes in
coastal western North American precipitation. A transect of California Margin core-
tops showed that while northern and central California Margin sediments are not
suitable for paleo-precipitation reconstructions, southern California Margin
sedimentary n-alkanes could reliably record changes in the past precipitation of the
western coast of North America. A low-resolution down-core study of southern
California Margin sediments showed that 0D,,aikane Values are consistent with a
progressive loss of summer precipitation through the late Pliocene and Pleistocene
and may have resulted from the strengthening of basin-wide SST gradients during

these times.

This study represents the first steps needed to test the effects of basin-wide SST
distributions on a regional terrestrial climate system. Climate modeling results
suggest that the strengthening of basin-wide SST gradients can affect the distribution
and seasonality of precipitation in many regions around the globe [Brierley et al.,
2009]. This finding is especially relevant to studies of late Miocene climate because

of both the prevalence of weak SST gradients and the evidence for wetter-than-
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modern conditions in many regions [Pound et al., 2011]. Future work, in the form of
high-resolution multi-proxy precipitation reconstructions, is needed to better establish
the timing of precipitation changes and to accurately indentify correlations between

precipitation on land and SSTs.

Overall, the projects in this dissertation have helped outline a major change in the
mean climate state that occurred during the latest Miocene/early Pliocene. They
present several major questions about the Earth’s climate system that are relevant not
only to paleoclimatologists but also to researchers investigating and modeling modern
climates. Which boundary conditions are most important for establishing the coupling
between pCO, and ocean temperatures? How have changes in ocean basin shape
affected ocean circulation and the depth of the global thermocline? How has the long-
term evolution of basin-wide SST gradients affected the evolution of the hydrologic
cycle on the continents? Answering each of these questions will require further study
of deep-time climates that resulted from a wide range of atmospheric greenhouse gas,

ocean circulation, and tectonic configurations.
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