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We present a new multiproxy (TEXgs, 8'80 and Mg/Ca), marine temperature history for Canterbury
Basin, eastern New Zealand, that extends from middle Paleocene to middle Eocene, including the
Paleocene-Eocene thermal maximum (PETM) and early Eocene climatic optimum (EECO). In light of
concerns that proxy-based sea surface temperature (SST) estimates are untenably warm for the
southwest Pacific during the Eocene, we review the assumptions that underlie the proxies and develop
a preliminary paleo-calibration for TEXge that is based on four multiproxy Eocene records that
represent an SST range of 15-34 °C. For the southwest Pacific Paleogene, we show that TEXs exhibits
the best fit with the Eocene paleo-calibration. SSTs derived from related proxies (TEXYs, 1/TEXge)
exhibit a systematic warm bias that increases as TEX86 values decrease (a warm bias of 4-7 °C where
TEXgs < 0.7). The TEX5s proxy indicates that southwest Pacific SST increased by ~10 °C from middle
Paleocene to early Eocene, with SST maxima of 26-28 °C (tropical) during the PETM and EECO and an
SST minimum of 13-16 °C (cool-warm temperate) at the middle/late Paleocene transition (58.7 Ma).
The base of the EECO is poorly defined in these records but the top is well-defined in Canterbury Basin
by a 2-5 °C decrease in SST and bottom water temperature (BWT) in the latest early Eocene (49.3 Ma);
BWT falls from a maximum of 18-20 °C in the EECO to 12-14 °C in the middle Eocene. Overall, cooler
temperatures are recorded in the mid-Waipara section, which may reflect a deeper (~500 m water
depth) and less neritic depositional setting compared with Hampden and ODP 1172 (~200 m water
depth). The high SSTs and BWTs inferred for the PETM and EECO can be reconciled with Eocene coupled
climate model results if the proxies are biased towards seasonal maxima and the likely effect of a proto-
East Australian Current is taken into account.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

2009; Creech et al., 2010), a multiproxy approach has been utilized to
identify trends in sea surface and bottom water temperature (SST and

In deciphering the Earth’s climate history, we call upon a wide
range of geochemical and paleontological proxies for past tempera-
ture that vary greatly in reliability and accuracy. To increase
confidence in proxy-based temperature estimates, we aim for agree-
ment between different proxies for the same parameter and coher-
ency between proxies for different parameters and between records
from different locations. In recent studies of the Paleogene climate
history of the southwest Pacific (Burgess et al., 2008; Hollis et al.,
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BWT), Canterbury Basin, offshore eastern New Zealand, from early to
middle Eocene (Fig. 1). The SST trend, based on TEXgs and planktic
580 and Mg/Ca, agrees well with a single proxy Paleocene-Eocene
trend (TEXgg) from ODP site 1172, East Tasman Rise, Western Tasman
Sea (Bijl et al,, 2009, 2010; Sluijs et al,, 2011), with a twin proxy
record (TEXgs, U%,) for the Eocene-Oligocene transition at DSDP Site
277, southwest Campbell Plateau (Liu et al., 2009), and with new
TEXgs-based SSTs from IODP Site U1356, offshore Wilkes Land,
Antarctica (Bijl et al., 2011). The close agreement between these
temperature estimates from several high-latitude sites (paleolatitude
of 55-65°S) should engender confidence in the veracity of the
records. However, the warmest temperatures derived for Canterbury
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Fig. 1. Location of New Zealand sections, ODP Site 1172 and other localities
mentioned in the text on earliest Eocene (A) tectonic reconstruction of southwest
Pacific (~54 Ma, modified from Cande and Stock, 2004) and (B) paleogeographic
reconstruction of New Zealand region (after King et al., 1999; modified from Hollis
et al., 2009). MW =mid-Waipara, HD=Hampden.

Basin and East Tasman Rise present a major challenge to climate
theory and appear to be at odds with other climate proxies, especially
paleofloral records (Huber and Caballero, 2011).

During times of peak global warmth in the early Eocene, proxies
indicate that high-latitude southwest Pacific SSTs warmed to over
30 °C (Bijl et al., 2009; Hollis et al., 2009; Creech et al,, 2010). This
either implies a virtual collapse of the zonally averaged equator-to-
pole thermal gradient, which cannot be reconciled with the climate
dynamics that underpin climate and circulation models (e.g., Huber
and Sloan, 2001; Winguth et al,, 2010; Lunt et al,, 2012), or indicates
a peculiarity of the regional climate and circulation. Even in the
warmest Eocene climate simulations, the equator-to-pole gradient is
>20°C and mean annual SST for 55-65°S is ~17°C (Fig. 2). In
addition to this proxy-model discrepancy, these SSTs are 10 °C
warmer than local mean annual air temperatures (MAAT) derived
from leaf fossil studies (18-22 °C; Greenwood et al., 2003, 2004) and
are excessively warm in relation to proxy SSTs from other regions,
especially the low-latitude Pacific (Tripati et al, 2003; Kozdon
et al,, 2011) and Indian oceans (Pearson et al., 2007), the Atlantic
Ocean (Keating-Bitonti et al., 2011) and the Atlantic sector of
the Southern Ocean (Ivany et al., 2008; Douglas et al., 2011). The
single exception is the Arctic Ocean where TEXgg-based SST is also
significantly (~7 °C) warmer than modeled SST (Sluijs et al., 2006,
2009). High-latitude SSTs > 25 °C are also difficult to reconcile with
early Eocene deep ocean temperatures maxima of 13-14°C as
indicated by deep sea benthic foraminiferal 580 (Zachos et al.,
2001, 2008; Cramer et al., 2011).
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Fig. 2. Comparison sea surface temperature (SST) estimates derived from proxies
and an Eocene climate model with 16 x times preindustrial CO, (4480 ppmv CO,-
equivalent; NCAR, CCSM3). Proxy SSTs comprise maximum, minimum, median,
upper and lower quartile values for the early Eocene climatic optimum (EECO) at
(a) ODP Site 1172 (Bijl et al., 2009), (b) mid-Waipara River (Hollis et al., 2009),
(c) Seymour Island (Ivany et al., 2008; Douglas et al., 2011), (d) Tanzania (Pearson
et al.,, 2007), (e) ODP Site 865 (Tripati et al., 2003; Kozdon et al., 2011), (f) eastern
USA (Keating-Bitonti et al., 2011), (g) Belgian Basin (Vanhove et al., 2011), (h) [ODP
Site 302-4A, Arctic Basin (Sluijs et al., 2006, 2009). For (a) and (b) the two SST
ranges shown are based on the high (H) and low (L) temperature calibrations of
Kim et al. (2010). Also shown are (i) median bottom water temperature for the
EECO (Cramer et al., 2009) and (j) mean annual air temperature for southeast
Australia (Greenwood et al., 2003, 2004). SST estimates for (d) and (g) are derived
from TEX86 using the calibration of Liu et al. (2009). SST estimates for (e) and
(i) are derived using methodologies discussed in the text. Modeled SST range for
each proxy site is also shown. See Supplemental files for data compilation details.

The uncertainty introduced by these seemingly irreconcilable
perspectives is impeding understanding of greenhouse climate
dynamics (Kiehl, 2010; Pagani et al., 2011; Valdes, 2011) and the
development of a general climate history for the Cenozoic
(Hansen et al., 2008; Bertler and Barrett, 2010). In this study we
present a TEXgg-based temperature record from middle Paleocene
to middle Eocene at mid-Waipara River, northern Canterbury
Basin, which extends a previous multiproxy study on the Eocene
section (Hollis et al., 2009; Creech et al., 2010) and encompasses
the Paleocene-Eocene thermal maximum (PETM) as well as the
early Eocene climatic optimum (EECO). This record is compared to
an early to middle Eocene multiproxy temperature record at
Hampden Beach, southern Canterbury Basin (Burgess et al.,
2008; Morgans, 2009) and the middle Paleocene to middle Eocene
TEXgg-based SST record from ODP Site 1172, East Tasman Plateau
(Bijl et al., 2009, 2010; Sluijs et al., 2011). In an effort to reconcile
these proxy records with other proxy-based and modeled tem-
perature reconstructions, we review the premises that underpin
the three primary proxies for SST: §'80, Mg/Ca and TEXgs. We
conclude by comparing proxy-based marine temperatures with
modeled temperatures derived from a fully coupled general
circulation model with Eocene boundary conditions.

2. Material and methods

This study is based on sedimentary rock samples collected
from the Paleocene-Eocene succession exposed along the middle
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branch of the Waipara River (mid-Waipara), northern onshore
Canterbury Basin, and the Eocene succession exposed at Hampden
Beach, southern onshore Canterbury Basin (Fig. 1). At mid-Waipara,
a series of low-dipping sections has been logged, sampled and
integrated into a single composite section (Morgans et al., 2005).
This study is based on two sub-sections, referred to as Columns
2 and 6 (Fig. 3). Column 2 extends from upper Loburn Formation to
basal Ashley Mudstone (lower Paleocene to lowermost Eocene).
Column 6 consists of lower to middle Eocene Ashley Mudstone. New
data from spot samples collected through the poorly exposed lower
part of Column 6 are combined with previously reported data (Hollis
et al., 2009; Creech et al., 2010). From a total of 66 samples, 46 have
been analyzed for TEXge, including 26 new samples from the
Paleocene and lowermost Eocene interval (Column 2 and lower
Column 6); 44 samples have been analyzed for total organic carbon
(TOC) and bulk organic §'3C (8'3Croc), including 23 new samples

55

from the Paleocene, and the elemental composition of these 23
samples has also been determined by X-ray fluorescence (see
Supplemental files). Foraminiferal assemblages in the Paleocene-
lowermost Eocene (Teurian-Waipawan) interval are too sparse or
poorly preserved for stable isotope or Mg/Ca analysis of foramini-
fera. Paleocene carbonate content is too low for bulk carbonate
stable isotope analysis. Eocene foraminiferal 5'80 and Mg/Ca data
are derived from Hollis et al. (2009) and Creech et al. (2010).

At Hampden Beach, a low-dipping coastal section has been
logged and sampled for a study of foraminiferal biostratigraphy
and paleoecology (Morgans, 2009). Selected samples and forami-
niferal assemblages from the lower to middle Eocene Kurinui
Formation are incorporated into this study to compare paleotem-
perature trends between the northern and southern parts of
Canterbury Basin (Fig. 4). New analyses undertaken include an
Mg/Ca study of benthic and planktic foraminifera in 15 samples
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Fig. 3. Stratigraphy and geochemical trends in the mid-Waipara section, including (A) CaCO; concentration, (B) 8'>C of total organic carbon (TOC), (C) BIT index and TOC,
(D) TEXgg, and (E) estimated sea surface and bottom water temperature. In (E) the combined calibration error for TEXgg incorporates +2.5 °C and + 4 °C for TEX5s and TEXSg,
respectively (Kim et al., 2010); error bars for Mg/Ca are 95% confidence intervals on the range of temperatures recorded from multiple measurements of multiple specimens in
each sample or the calibration error of + 1.2 °C (Anand et al.,, 2003), depending on which value is larger; calibration errors are not shown for §'80 ( + 2.15 °C; Erez and Luz, 1983).
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that span the early-middle Eocene transition (late Mangaorapan
to early Heretaungan, 51 —48 Ma), TEXgg analysis of two samples
near the early/middle Eocene boundary and detailed stable
isotope study of a single early Eocene foraminiferal assemblage
(see Supplemental files). These analyses complement a high-
resolution multiproxy study of a 5 m-thick interval within the
middle Eocene Hampden Formation (Burgess et al., 2008).

Age control is based on dinoflagellate cyst, calcareous nanno-
fossil and foraminiferal biostratigraphy for the mid-Waipara
section (see Supplemental files) and on foraminiferal biostrati-
graphy for the Hampden section (Morgans, 2009). Bioevents and
New Zealand stages are calibrated to the 2004 Geological Time-
scale (Gradstein et al., 2004; Ogg et al., 2008; Hollis et al., 2010).
Benthic foraminifera indicate upper bathyal (~500 m) paleo-
depth for the mid-Waipara section in the early Eocene and a
shallower outermost shelf (~200 m) setting for coeval strata at
Hampden (Hollis et al., 2009; Morgans, 2009).

3. Paleotemperature calibrations

In order to examine possible causes for anomalously high
proxy-based SST estimates, we carefully considered the analytical

approach for each of the proxies used in this study. For oxygen
isotopes, paleotemperature is calculated using the equation of
Kim and O’Neil (1997) as expressed in Bemis et al. (1998) for both
benthic and planktic foraminifera and bulk carbonate. Bemis et al.
(1998) show that this equation provides a better fit to core-top
data for the epifaunal benthic genus Cibicidoides than the
alternative equations commonly used for benthic foraminifera
(i.e., Shackleton, 1974; Erez and Luz, 1983). The equation yields
slightly cooler temperatures (up to ~1°C) than those derived
from the Erez and Luz (1983) equation but are more in line with
the revised planktic equations developed by Bemis et al. (1998).
For these reasons, we use this equation for both planktic and
benthic foraminifera. In keeping with prior work (Zachos et al.,
2008), we make the assumption that ice sheets were absent from
early Paleogene landmasses. We use a §'80gy value of —1.30%.
(vPDB) for Canterbury Basin. This incorporates a vSMOW to vPDB
correction of —0.27%o. (Bemis et al., 1998), an ice volume value of
—0.96%0 (Zachos et al.,, 1994) and a latitudinal correction for
5180sw of —0.07%. for 55°S (Zachos et al., 1994), which is based
on modern latitudinal gradients. For other sites referred to in this
study, we also apply a latitudinal correction of Zachos et al.
(1994). Although modeling approaches to derive 5'80gy for the
Eocene have potential (Bice et al., 2000; Huber et al., 2003; Tindall
et al., 2010; Roberts et al., 2011), they are not used here because
large discrepancies are evident between different approaches. For
example, modeled §'80s,y values for the Canterbury Basin region
range from —1.63 (Tindall et al., 2010) to —0.25 (Roberts et al.,
2011), which translates to a temperature difference of ~7 °C. We
apply no correction for localized potential salinity, pH or carbo-
nate ion effects.

For foraminiferal Mg/Ca ratios, we use the equations of Lear
et al. (2000, 2002) and Anand et al. (2003) as described by Creech
et al. (2010). We have adopted a Mg/Ca ratio of 4 mmol/mol for
early and middle Eocene seawater (Mg/Casw) based on compara-
tive studies of foraminiferal Mg/Ca ratios and &'80 values (Lear
et al.,, 2002; Sexton et al., 2006). These studies suggest a range of
3-5 mmol/mol for the early Eocene Mg/Casw with higher values
more in line with temperatures derived from &'80 for ice-free
conditions (Sexton et al., 2006). We recognize that this foramini-
fera-based approach to estimating Eocene Mg/Casw yields values
that are lower than those derived from other methods (e.g. Farkas
et al., 2007; Coggon et al., 2010, 2011) and see promise in current
research to reconcile these different approaches through consid-
eration of the effects of carbonate saturation state (Lear et al.,
2010) and Mg partitioning (Hasiuk and Lohmann, 2010) and
scrutiny of existing foraminiferal calibrations (Broecker and Yu,
2011; Cramer et al., 2011). An Mg/Casw value of 4 mmol/mol
yields temperatures that are ~2 °C cooler than those reported
previously (Hollis et al., 2009; Creech et al., 2010) which were
based on a value of 3.35 mmol/mol.

For GDGT-based temperature proxies, there are currently three
commonly utilized equations: 1/TEXgg (Liu et al., 2009), TEXYs and
TEXSe (Kim et al., 2010). TEXEs comprises the same combination
of GDGTs as in the original TEXgg relationship (Schouten et al.,
2002; Kim et al., 2008) but the calibration with SSTs is based
mainly on a low- to mid-latitude core-top data set and it is
recommended for SST records above 15 °C. It has a calibration
error of + 2.5 °C. TEX5¢ comprises a combination of GDGTs that
differs from TEXEs and all other TEXss equations and does not
employ the crenarchaeol isomer. It is calibrated to a global
dataset and has a calibration error of +4°C. Kim et al. (2010)
recommend that TEXg is applied to paleo-SST records that range
below 15 °C. The calibration of Liu et al. (2009) as revised by Kim
et al. (2010), utilizes the same GDGT combination as TEXE; but is
based on a reciprocal rather than log relationship. It has a
calibration error of + 5.4 °C. Kim et al. (2010) showed that SSTs
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derived from 1/TEXgg typically fall between those derived from
TEX%s and TEXEs.

GDGT-based SST can be biased by the input of terrestrial
GDGTs. This bias is thought to be minimal when the branched
vs. isoprenoid (BIT) index is lower than 0.3 (Weijers et al., 2006).
The BIT index reflects the relative contribution of soil-derived
(non-isoprenoidal) and marine GDGTs (Hopmans et al., 2004).

4. Results
4.1. Stratigraphy of mid-Waipara section

The mid-Waipara section (Columns 2 and 6) extends from
lower Paleocene (lower Teurian, ~63 Ma) to middle Eocene
(Bortonian, ~40Ma) (Fig. 3). A sharp contact separates upper
Paleocene strata (Waipara Greensand) from the calcareous mudstone
at the top of the Column 2, which is identified as basal Eocene
(lower Waipawan, 55.8 Ma). Low carbonate content relative to
typical Ashley Mudstone suggests that this unit is basal Ashley
Mudstone. In Column 6, planktic foraminifera identify a lower
Eocene (Waipawan, 55.8-53.3 Ma) interval of Ashley Mudstone
below the lower Eocene to middle Eocene (Mangaorapan-Bortonian,
53.3-40 Ma) interval that formed the basis of our previous
studies (Hollis et al., 2009; Creech et al., 2010). The latter interval
includes a well exposed 50-m thick section that extends from
lower Mangaorapan to upper Heretaungan (52-45.4 Ma) and spans
the Mangaorapan/Heretaungan stage boundary (49.3 Ma). Strata
spanning the Waipawan/Mangaorapan, Heretaungan/Porangan
and Porangan/Bortonian stage boundaries are covered by Quatern-
ary river gravels. It is possible that the entire Porangan stage
(45.3-42.8 Ma) is missing at this locality.

Carbonate content serves to identify five deposition phases in
this section (Fig. 3A): two intervals that are slightly calcareous
(0.1-1% CaCOs; lower Paleocene, basal Eocene), an upper Paleo-
cene interval that is non-calcareous (<0.1% CaCOs), a lower
Eocene interval that is highly calcareous ( > 15% CaCOs), and the
moderately calcareous middle Eocene (10-14% CaCOs). Carbonate
content is too low to yield a robust carbonate 3'3C record for the
entire section. However, bulk organic §'3C (§'3Croc) helps to
refine the stratigraphy (Fig. 3B). Through much of the section,
813Croc is remarkably stable at —27%o, a value that is typical for
marine organic matter in these sediments from Late Cretaceous to
Eocene (Hollis et al., 2003, 2005). In the upper Paleocene, a 7-9%o
positive excursion that spans 10 m is associated with compara-
tively high TOC of 0.5-1.6 wt%. This is the geochemical signature
of a marine source rock unit that is widespread in the late
Paleocene, especially eastern New Zealand (Killops et al., 2000;
Hollis et al., 2005). Although the unit is more widely known as the
Waipawa Formation, we follow Schigler et al. (2010) and assign
this interval to the Tartan Formation, a facies-equivalent to the
Waipawa Formation that occurs in the Great South and Canter-
bury Basins.

Above the Tartan Formation, and separated by an unconformity, a
~5%, negative excursion in 8'>Croc (from background values of
~ —27%0 to —32%o.) serves to identify the PETM within the basal
Ashley Mudstone. Although the P-E transition is poorly exposed, the
magnitude of this excursion is close to the average of 4%, recorded for
the PETM in marine organic matter (Mclnerney and Wing, 2011).
Identification of the PETM is supported by four dinoflagellate criteria:
(1) the presence of Manumiella rotunda implies that the unit is no
younger than early Waipawan (~ 55 Ma; Cooper, 2004; Hollis et al.
2010), (2) the interval contains Apectodinium, albeit in low abun-
dance; Apectodinium first occurs slightly below the P/E boundary in
New Zealand and typically has an acme within the PETM (Crouch
et al., 2001), (3) the interval contains Hystrichokolpoma, a genus that

first occurs in the PETM at Tawanui and the Kumara drillhole (Crouch
et al,, 2001; Handley et al.,, 2011), and (4) the basal sample contains
an influx of Glaphyrocysta, which also has an abundance peak at the
base of the PETM at Tawanui, North Island, New Zealand (Crouch and
Brinkhuis, 2005) and at ODP Site 1172 (Sluijs et al., 2011).

4.2. Paleotemperatures in mid-Waipara and Hampden sections

Low BIT indices in the mid-Waipara (Fig. 3C) and Hampden
Beach sections ( <0.27; Burgess et al., 2008) suggest minimal
influence of soil lipids on the GDGT-based SST proxies. At mid-
Waipara, TEXgg values indicate a distinct shift from relatively cool
conditions in the Paleocene to very warm conditions in the PETM
and EECO (Fig. 3D). Intermediate values are recorded for the post-
PETM earliest Eocene and middle Eocene. We use TEXs and TEXSg
to delimit the likely temperature range (Fig. 3E), while noting
calibration errors of +2.5°C and +4 °C, respectively, for these
two proxies (Kim et al.,, 2010). Temperature estimates are also
shown for previously reported foraminiferal Mg/Ca ratios and
5180 values for the Eocene (Hollis et al., 2009; Creech et al., 2010)
using the equations and correction factors outlined above. The
three SST proxies exhibit similar trends, and SSTs derived from
planktic foraminiferal Mg/Ca and TEX§gagree. BWTs derived from
benthic foraminiferal Mg/Ca and §'80 also are in good agreement
although there is greater variation in both planktic and benthic
5180.

The wide scatter in §'%0 values suggests that diagenesis of
foraminifera has had two contrasting effects. Anomalously cool
temperatures in three planktic foraminiferal §'80 data points in
the early-middle Eocene appear to reflect the local influence of
corrosive deep water during an episode of climatic cooling
following the EECO (Hollis et al., 2009). Pearson et al. (2007)
argue that early diagenesis and absorption of isotopically heavy
carbonate at the seafloor increased through the Eocene as bottom
waters cooled and became more corrosive. Similarly anomalous
cool temperatures are evident in planktic §'80 in the same time
interval at DSDP Site 277 (Shackleton and Kennett, 1975; Hollis
et al., 2009). Conversely, anomalously warm temperatures are
evident for five planktic samples and two benthic samples. The
presence of secondary calcite overgrowths on foraminifer tests
suggests that the strongly negative §'%0 signature may be the
result of a late phase of diagenetic alteration under the influence
of meteoric pore waters (Zachos and Arthur, 1986; Hollis et al.,
2003). The implication of finding evidence for both these effects
at mid-Waipara is that §'80 values that do not appear anomalous
may actually be recording the effects of both the early and late
phases of diagenesis. For this reason, we consider all planktic 5'80
values from this section unreliable. In contrast, the temperatures
derived from benthic §'80 are considered reliable, apart from the
two samples that appear to have been affected by late phase
diagenesis.

Agreement between SSTs derived from planktic Mg/Ca and
TEX5¢ in the Eocene provides some confidence in the SST
estimates derived from TEXks for the Paleocene. Thus, we infer
that SST was relatively cool in the Paleocene (~16 °C) with
minimum SST in the upper Tartan Formation (~13 °C). SST was
much warmer in the Eocene (~23 °C), with peak temperatures in
the PETM and EECO of ~26-27 °C. Benthic Mg/Ca and §'80
indicate BWT decreased by ~4 °C across the Mangaorapan/Here-
taungan boundary (49.3 Ma), from 16-18 °C in the early Eocene to
11-14 °C in the middle Eocene. A significant increase in the SST-
BWT temperature gradient is also observed at this boundary:
from 8 °Cin the early Eocene to 12 °C in the middle Eocene. As the
EECO is generally defined by the benthic 880 record (Zachos
et al., 2008), we use the BWT record in this section to correlate
the EECO with the Mangaorapan stage (53.3-49.3 Ma). As noted
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previously (Hollis et al., 2009; Creech et al., 2010), SST cooled
~1 m.y. later in this section (~48 Ma).

In the Hampden section, foraminiferal Mg/Ca ratios indicate
that the Mangaorapan (Fig. 4) may have been slightly warmer
than at mid-Waipara, with average SSTs and BWTs of 28 °C and
18 °C, respectively. This may reflect the shallower depositional
setting (Morgans, 2009). However, the Mangaorapan/Heretaun-
gan boundary at Hampden is associated with 5-6 °C of cooling in
both SST and BWT. Apart from the warm BWT in a single sample,
this cooling is consistent with the relatively cool, high-resolution,
multiproxy temperature record from the Bortonian Hampden
Formation (Burgess et al., 2008).

There is close agreement between BWTs derived from benthic
880 and Mg/Ca, which are very stable at 12 °C, and between SSTs
derived from planktic foraminiferal 5'80 and TEX5e, which range
from 16 °C to 18 °C (Fig. 4). TEXYs-based SSTs are higher and very
similar to the SSTs reported by Burgess et al. (2008), which were
based on the TEXgg calibration of Kim et al. (2008). Burgess et al.
(2008) suggested that the 5-7 °C offset from the &'80-based
temperatures could be explained by the inferred biology of the
planktic foraminifer measured: Globigerinatheka index. This spe-
cies is thought to have developed thick calcitic overgrowths at
depth during gametogenesis (Boersma et al., 1987; Pearson et al.,
2006). However, this phenomenon appears to be confined to low
latitudes and typically does not cause an offset from SST of > 2 °C
(Boersma et al., 1987).

5. Discussion

5.1. A comparison of GDGT proxies to other SST proxies in the
Paleogene

In order to have confidence in using GDGT-based SST proxies
such as TEXgs in ancient sediments, it is useful to consider the
general principle that underpins these proxies. The TEXgs proxy
was derived from observations of ocean surface sediments and
laboratory experimentation that identified a clear relationship
between the number of cyclopentane moieties in membrane
lipids derived from marine Thaumarchaeota and growth tem-
perature (Schouten et al., 2002). There is little dispute over this
general physiological relationship (Gliozzi et al., 1983; Wuchter
et al., 2006; Schouten et al., 2007). The debate centers on the
applicability of this modern calibration to temperature recon-
struction in deep time, especially the early Cenozoic and Meso-
zoic. One way to test the suitability of a calibration for the
Paleogene is to assemble the Paleogene equivalent of a core-top
data set (Fig. 5). We have taken four Eocene records in which a
representative range of TEXgg values from 0.60 to 0.93 can be tied
to SST estimates derived from §'80 values or Mg/Ca ratios in well-
preserved mixed-layer planktic foraminifera, i.e. Wilson Lake,
New Jersey (Zachos et al., 2006), Tanzania (Pearson et al., 2007),
Hampden (Burgess et al., 2008) and mid-Waipara (Hollis et al.,
2009; Creech et al. 2010). In each case, we have recalculated §'80-
derived temperatures as outlined above (see Supplemental files).

A strong correlation is observed between TEXgg values and
SSTs derived from inorganic proxies at these four sites (Fig. 5A).
The best fit trend-line is a logarithmic regression (*=0.87, n=42,
p < 0.001). The 95% prediction band can be used to interrogate the
SST estimates derived from the three main GDGT calibrations
(Fig. 5B). For southwest Pacific Paleogene GDGT records (com-
bined data from mid-Waipara, Hampden and ODP Site 1172), SST
estimates derived from 1/TEXgg and TEX5s overestimate tempera-
tures by an increasing amount as TEXgg values decrease, with
offsets exceeding 5 °C where TEXgg < 0.70. TEX5¢-derived SSTs
mainly lie within the 95% prediction and exhibit a trend that is

slightly shallower than the regression, resulting in slightly lower
SSTs where TEXgg > 0.75 and higher SSTs for lower TEXgg values.
The scatter in these SST estimates is because TEXgg is based on a
GDGT relationship that differs from that used for TEXge. A similar
pattern emerges if we perform the regression using the GDGT
relationship that underlies TEXSs (GDGT-1 index; Fig. 5C). Here,
the best fit trend-line is also a logarithmic regression. There is
wide scatter in the Tanzanian data and the overall correlation to
SST is weaker (r?=0.71, n=41, p<0.001) than with TEXge.
Southwest Pacific SST estimates derived from 1/TEXgg and TEXEs
generally lie within the 95% prediction band but exhibit wide
scatter and most values lie above the trend-line, especially where
GDGT-1 < 0.45. However, TEX5g derived-SSTs fall on a curve that
lies within the 95% confidence band.

The observed correlations indicate that the strong relationship
between GDGT distributions and SST also existed during the
Paleogene. The regression equation identified for TEXgg provides
a useful way to test established GDGT calibrations against
other temperature proxies. We define this paleo-SST regression
as pTEXgs, Where

SST = 39.036 x In(TEXgs)+36.455

When compared to pTEXge, the 1/TEXgs and TEXYs calibrations
yield southwest Pacific SSTs that are anomalously high, with
lower offsets at higher temperatures (Fig. 5A). Although not
shown, the same relationship is evident with all earlier calibra-
tions based on TEXge. This is not the case for TEX5s which yields
temperatures that generally fall within the prediction range of the
PTEXge regression and generates a correlation that deviates only
slightly from the trend-line in the GDGT-1 regression. This
indicates that TEX5s is the GDGT proxy most consistent with
other proxies and the most appropriate for estimating SST in the
southwest Pacific Paleogene. GDGT data from other regions may
be plotted against this regression curve as a way of selecting
optimal GDGT proxies (see Supplemental files). For the low
latitude records from Wilson Lake and Tanzania (Zachos et al.,
2006; Pearson et al., 2007), where TEXgg values range higher than
0.85, all GDGT proxies lie within the 95% prediction band but the
best fit is with 1/TEXge.

5.2. Systematic offsets between GDGT values and SSTs derived from
inorganic proxies

Systematic offsets are observed between GDGT values (TEXgg
and GDGT-1) and SSTs derived from inorganic proxies at each of
the four localities included in our reference dataset. For mid-
Waipara, Wilson Lake and Tanzania, the offset reflects wide
variation in GDGT values associated with a narrow range of SST
values. The cause of this variation is uncertain but it may be
related to seasonal or oceanographic variability in GDGT produc-
tion (e.g., Huguet et al., 2007). For Hampden, however, the offset
records wide variation in SST associated with a more narrow
range of GDGT values. This relationship was noted by Burgess
et al. (2008) when describing the cyclical variation in temperature
estimates in the Hampden section. They observed that the cyclical
temperature range derived from §'®0 was almost twice the
TEXgs-based range and suggested that variation in planktic
foraminifer §'80 might have been amplified by cyclical changes
in salinity or ocean thermal structure. However, a small but
significant contribution from global ice volume changes cannot
be discounted (Burgess et al., 2008). This would have implications
for the SSTs calculated for the Hampden section, which impacts
on the pTEXgg relationship we have derived. This observation
highlights that SST estimates, especially at the lower temperature
range, will continue to evolve not only with new interpretations
of GDGT data, but also new interpretations of inorganic proxies.
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Fig. 5. Sea surface temperatures (SSTs) derived from inorganic proxies compared to TEXsg values (A, B) and GDGT-1 values (C). In (5A) TEXsg is compared to SSTs derived from §'50
in well-preserved planktonic foraminifera from Wilson Lake, New Jersey (Zachos et al., 2006), Tanzania (Pearson et al., 2007) and Hampden (Burgess et al., 2008) and from Mg/Ca
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index, the index that underlies the TEXks proxy. The 95% prediction band shows the range within which we expect SSTs estimates derived from GDGT-1 to be located.
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5.3. Why are SSTs derived from TEXYs and 1/TEXgs too high?

Following the recommendations of Kim et al. (2010), TEXY;
should be the most appropriate GDGT-based SST proxy for these
southwest Pacific records because previous studies suggested a
SST range of 20-30 °C from the Paleocene to middle Eocene (Bijl
et al., 2009; Hollis et al., 2009). However, our analysis shows that
SSTs derived from TEXHs and 1/TEXgg are higher than those
derived from inorganic proxies, whereas TEXSg yields SSTs that
are broadly consistent with them. Regardless of comparisons with
other proxies, the offset between these GDGT-based SSTs is
surprising because all three proxies yield similar temperatures
for SSTs > 15 °C in the modern dataset. To further add to the
confusion, a study of modern core-top GDGT data from the
southwest Pacific (Ho et al., 2011) also shows a negligible offset
between SSTs derived from TEXLs and TEX§g but these SSTs are
consistently 3-8 °C higher than instrumental SST measurements
for this region, which has a mean annual SST range of 10-20 °C.
Previous studies (Liu et al., 2009; Kim et al. 2010) highlighted the
observation that there is large scatter in TEXgg-derived SSTs
values in the low temperature range (<5 °C), and this was
attributed to different physiological relationships. However, this
lower temperature range corresponds with higher latitudes
(>60°N, >50°S) and it is possible that factors other than SST
may have a significant influence on GDGT distributions in those
oceanographic settings. Although TEXY; and TEX5s have been
presented as high- and low-temperature GDGT proxies for SST
(Kim et al., 2010), it may be more appropriate to treat them as
low- and high-latitude proxies simply because a weak correlation
with high-latitude SST can be observed for TEX§s but not for
TEXEs.

It is also possible that the Paleogene SST-GDGT relationship is
not exactly the same as the present-day relationship. Whilst we
have demonstrated that there is a general agreement between TEXgg
and inorganic proxies for SST, it is possible that Paleogene oceans
were inhabited by different archaeal assemblages from those that
dominate today. Unusual GDGT distributions in mesocosm studies
(e.g., Wuchter et al., 2006) suggest that the assemblage preserved in
sediments reflects a combination of physiological and ecological
signatures. Ancient greenhouse oceans were characterized by ele-
vated temperatures, associated differences in water column struc-
ture, but also elevated CO, (Pearson and Palmer, 2000; Beerling and
Royer, 2011), lower pH (Pearson and Palmer, 2000), and possibly
lower O, (Kurtz et al., 2003). We cannot preclude that such
conditions resulted in a shift in the distribution of thaumarchaeotal
species, or that new species or new adaptations arose as the global
oceans cooled.

5.4. A revised sea temperature history for the southwest Pacific
Paleogene

Based on the previous discussion, we argue that TEX5g is the
most accurate GDGT-based approach to reconstruct trends in
paleotemperature in the Canterbury Basin and the East Tasman
Plateau, and potentially in other higher latitude regions. For late
Paleocene to middle Eocene records from the southwest Pacific
(Fig. 6), SST estimates derived from TEXkg are in agreement with
those derived from pTEXgs. Particularly close agreement is observed
between TEXSg and pTEXss during the early Eocene, especially in the
EECO. Whereas there is generally good agreement between TEX5g
and pTEXgg throughout the Paleocene-Eocene interval at mid-
Waipara, TEX5s-based SSTs are 2-3 °C higher than pTEXgs in the
late Paleocene and middle Eocene at ODP Site 1172. As noted earlier,
this offset develops where SSTs fall below 22-24 °C, but it appears to
be a particular feature of Site 1172 although pTEXgg values still lie

within the calibration error of TEX§s. Reasons for this offset are
unclear.

A warm temperate climate (SST of ~16-19 °C) prevailed through
much of the Paleocene (62-56 Ma) in the southwest Pacific (55—
65°S), with short-lived cooling to cool temperate conditions (SST,
13-16 °C) occurring at ~58.7 Ma (Table 1). A pronounced warming
trend between 58 and 53 Ma saw SST increase by 10 °C, reaching a
maximum of ~26-28 °C in the EECO. A short-lived 5 °C warming at
the PETM was superimposed upon this trend, but PETM tempera-
tures may not have exceeded maximum temperatures within the
EECO. The termination of the EECO is associated with pronounced
cooling of deep water in the Canterbury Basin, which is accompa-
nied by equivalent cooling of surface waters in the Hampden section
but less pronounced cooling at mid-Waipara. Overall cooling in
Canterbury Basin during the middle Eocene resulted in a return to
temperate conditions by ~42 Ma, perhaps earlier in the southern
part of the basin (Fig. 6). Significantly warmer conditions are
indicated for the East Tasman Plateau through the middle Eocene.
Based on benthic foraminiferal 5'80 and Mg/Ca, BWT in the outer-
most shelf-upper bathyal part of Canterbury Basin reached 17-19 °C
during the EECO, falling to 12-13 °C in the middle Eocene.

Our evidence for warm subtropical-cool tropical conditions in
the southwest Pacific during the EECO agrees with paleontologi-
cal evidence for the presence of a biota with tropical affinities
(Hornibrook and deB, 1992), including foraminifera (Jenkins,
1968; Adams et al., 1990), coral (Adams et al., 1990), molluscs
(Beu and Maxwell, 1990), mangroves and palms (Adams et al.,
1990; Pocknall, 1990; Crouch and Visscher, 2003), during times of
peak warmth in the Eocene.

5.5. Proxy-model comparison

Even when TEXjs is used to derive SSTs for the southwest
Pacific, thermal gradients remain extremely low for the EECO
(Fig. 2; ~5°C over 65° of latitude). Such low gradients have
proven difficult to produce in previous climate model simulations
(Barron, 1987; Huber and Sloan, 2001). Here we compare proxy-
based SSTs with modeled SSTs derived from two Eocene coupled
climate model simulations based on lower and higher CO,
concentrations (2240 and 4480 ppmv CO,-equivalent; Fig. 7).
The high greenhouse gas radiative forcing used in these simula-
tions can be thought of as either representing a mix of greenhouse
gases that were likely higher in the past (CO,, CH4 N;O) or
alternatively a crude means to account for the low sensitivity
(~2 °C per doubling of CO,) of the NCAR CCSM3 model. As has
recently been shown (Lunt et al., 2012), all of the current
generation of models produce qualitatively similar results once
variations in their individual model sensitivity are taken into
account. Although the lower estimates for SST, derived from the
TEX5e proxy, are still significantly warmer than modeled mean
annual SST for the southwest Pacific (Fig. 7A and B), proxy SSTs
compare well with modeled SSTs for Austral summer (Fig. 7C and D),
with particularly good agreement offshore eastern New Zealand
(assuming the EECO median SST of 28 °C at Hampden is due to
its shelf setting). Both low and high CO, models support the
notion that deep sea temperatures in the middle Eocene and EECO
record winter deep-water formation at the Antarctic margin
(Fig. 7E and F).

A seasonal bias in SST proxies may be expected in high-
latitude regions where seasonal temperature variations are at
their most extreme. A summer bias in TEXgg-based SSTs for the
Arctic Paleogene has previously been suggested (Sluijs et al. 2006,
2009) and is supported by terrestrial temperature indicators
(Eberle et al, 2010). Given the differences in ecology and
geochemical assumptions that underlie the three SST proxies
considered here, a summer peak in archaeal consumption and
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Table 1

Median temperature estimates for southwest Pacific sites and the deep sea over nine Paleocene-Eocene time slices. Additional data sources: DSDP 277 (Shackleton and
Kennett, 1975), Deep sea (Cramer et al., 2009), MAAT (NZ: Kennedy, 2003; Huber and Caballero, 2011; Aus: Greenwood et al., 2003, 2004; Carpenter et al., 2012).
Bold=warmest regional value, italics=coolest regional value.

SST BWT MAAT
Time interval 277 1172 HD MW Deep sea 277 HD MW NZ Aus
MM Eocene (43-40 Ma) 10? 21 17 17 9 9 12 ?
EM Eocene (49-42 Ma) 13? 25 23 23 10 13 17 13
EECO (53.3-49.3 Ma) 18? 26 28 26 13 13 19 17
EE Eocene (55.5-53 Ma) 16? 23 ? 23 12 12 20 22
PETM (55.8-55.6 Ma) ? 25 ? 27 16 ? Na ?
LL Paleocene (58.2-55.9 Ma) ? 22 ? 18 10 ? Na Na
M/L Paleocene (58.8-58.3 Ma) ? 16 ? 13 9 ? Na Na
M Paleocene (62-58.9 Ma) 17? 19 ? 16 10 14 Na ? 11

export would need to be coupled with summer calcification
of planktic foraminiferal tests. Studies of productivity and ocean
flux in the Australasian region support this inference. The flux

of particulate organic matter is greatest in mid- to late-spring
offshore eastern New Zealand (Nodder and Northcote, 2001) and
production of surface-dwelling planktic foraminiferal production
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peaks in late spring or summer in the Southern Ocean (King and
Howard, 2005).

The vertical temperature profile generated from our high CO,
simulation shows pronounced seasonal changes in watermass
structure south of 50°S (Fig. 8). For mid-Waipara, the proxy-
derived SST-BWT gradient from 26 to 17 °C during the EECO is a
very close match to the modeled vertical profile for summer at
55°S. A summer bias also explains two apparent mismatches in
proxy temperatures that were highlighted in the introduction
(Fig. 2): deep sea and local land temperatures. Deep-sea BWT is
inferred to represent SST at high-latitude sites of deep water
production, which primarily occurs during winter when the
densest water is formed. A median BWT of 13 °C for the EECO
(Table 1) agrees with modeled winter SST at ~80°S in the high
CO, simulation (Figs. 7F and 8). Studies of leaf fossil assemblages
from southeast Australia (60-65°S) indicated a mean annual
air temperature (MAAT) at sea level of ~22°C for the early
Eocene (Greenwood et al., 2003, 2004; Carpenter et al., 2012)
(Fig. 7B).

It has been argued that the current generation of climate
models are failing to capture fundamental components of the
greenhouse climate system that serve to amplify high-latitude
temperature changes (Barron, 1987; Huber and Sloan, 1999, 2001;
Huber, 2008; Valdes, 2011). If the southwest Pacific SSTs produced
in this and earlier studies are indeed annual mean values then this
interpretation may be correct. Models may have either overly weak
radiative—convective (Abbot et al., 2009) or meridional heat trans-
port feedbacks (Barron, 1987; Huber and Sloan, 2001). One area of
active research is the role of ocean heat transport. For example, it is
possible that warmer proxy SSTs for the western Tasman Sea
(Fig. 7) may signal the influence of a proto-East Australian Current
(EAC). The modern EAC delivers warm subtropical water to the
southeast margin of Australia and to eastern New Zealand
(Ridgway and Hill, 2009). A present-day warming trend has been
linked to wind forcing associated with intensification of the
subtropical gyre (Hill et al., 2008). A recent modeling study (Sijp
et al,, 2011) supports paleontological evidence (Kennett and Exon,
2004) indicating that, prior to the deepening of the Tasmanian

Gateway during the Eocene-0Oligocene transition, a proto-EAC may
have delivered tropical to warm subtropical water into the South
Tasman Sea and New Zealand region. The influence of this current
may have intensified during times of extreme global warmth, such
as the PETM and EECO. This current is capable of accounting for
2-4°C (Sijp et al., 2011) of the SST offset.

Whilst early Eocene SST records for the southwest Pacific and
Antarctic margin (Bijl et al., 2011) are considered anomalously
warm by some authors (Keating-Bitonti et al., 2011; Pagani et al.,
2011), it is worth noting that they may be the only reliable SST
records for this time interval in the Southern Ocean. The Seymour
Island SST record is now thought to be no older than middle
Eocene (Houben, pers. comm., 2010) and the Eocene §'%0 values
from planktic foraminifera at DSDP Site 277 and ODP Sites 690
and 738 appear to be variably affected by seafloor diagenesis (see
Supplemental files).

6. Conclusions

Our analysis has taken a conservative approach to estimating
SSTs in the southwest Pacific, which has included consideration of
the assumptions that underlie temperature-proxy calibrations
and temperature equations. We have developed a preliminary
paleo-calibration for TEXgg that is based on multiproxy Eocene
records from four sites representing a SST range of 15-34 °C. This
paleo-calibration indicates that TEX5s is currently the most
accurate TEXgg-based SST proxy for the southwest Pacific Paleo-
gene and that previously cited SSTs may have been overestimated
by 5-9 °C. The TEX5¢ proxy indicates that SST was typically in the
range of 25-26 °C in the southwest Tasman Sea and Canterbury
Basin during the PETM and EECO. SSTs derived from Mg/Ca for the
EECO are consistent with TEX§g but indicate warmer SSTs in the
shallower setting at Hampden.

The EECO broadly corresponds with the Mangaorapan stage
(53.3-49.3 Ma) in the southwest Pacific, which is consistent with
the stage recording an influx of plants and animals with tropical
affinities (Hornibrook and deB, 1992). The base of the EECO is not
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yet well-constrained locally but the warmest SSTs and BWTs are
recorded in the lowest Mangaorapan samples from Canterbury
Basin (Fig. 6). The termination of the EECO is very well delineated
in Canterbury Basin by pronounced cooling of BWT at mid-
Waipara and of both SST and BWT at Hampden. The duration of
the EECO is less clear at ODP Site 1172. The nature and timing of
onset is uncertain due to a lower Mangaorapan (~53-52 Ma)
hiatus and the termination appears to occur gradually in the
lower Heretaungan (~49 Ma). These differences may reflect the
increasingly restricted influence of proto-EAC in the southwest
Pacific during the Eocene, perhaps becoming more confined to the
western Tasman Sea.

All Paleogene southwest Pacific SST proxies appear to suffer
from a warm bias. Both low and high CO, models indicate a
seasonal SST range of 10 °C, with winter polar SSTs in good
agreement with benthic foraminifer §'80 values for the middle
and early Eocene (Fig. 7). The models are also consistent with
what is known for land temperatures, with paleofloral data
suggesting a MAAT of ~22° for southeast Australia during the
EECO. Median SST estimates of 22-24°C or 26-28 °C for the
middle Eocene and EECO, respectively, can be reconciled with the
models if they are biased towards summer temperatures and are
influenced by the southward expansion of a warm proto-EAC. The
final caveat in this exercise in reconciliation is to note that our
EECO climate simulation is based on extraordinarily high CO,
levels. Further work is needed to identify model improvements
that will generate greater polar amplification of temperature at
more tenable levels of atmospheric CO,.
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