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ABSTRACT

Constraining past fluctuations in global temperatures is cen-
tral to our understanding of the Earth’s climatic evolution. Marine
proxies dominate records of past temperature reconstructions,
whereas our understanding of continental climate is relatively poor,
particularly in high-latitude areas such as Antarctica. The recently
developed MBT/CBT (methylation index of branched tetraethers/
cyclization ratio of branched tetraethers) paleothermometer offers
an opportunity to quantify ancient continental climates at temporal
resolutions typically not afforded by terrestrial macrofloral prox-
ies. Here, we have extended the application of the MBT/CBT proxy
into the Cretaceous by presenting paleotemperatures through an
expanded sedimentary succession from Seymour Island, Antarctica,
spanning the latest Maastrichtian and Paleocene. Our data indicate
the existence of a relatively stable, persistently cool temperate cli-
mate on the Antarctic Peninsula across the Cretaceous-Paleogene
boundary. These new data help elucidate the climatic evolution of
Antarctica across one of the Earth’s most pronounced biotic reorga-
nizations at the Cretaceous-Paleogene boundary, prior to major ice-
sheet development in the late Paleogene. Our work emphasizes the
likely existence of temporal and/or spatial heterogeneities in climate
of the southern high latitudes during the early Paleogene.

INTRODUCTION

The latest Cretaceous to early Paleogene (70-41 Ma) was an inter-
val of significant climatic and biotic reorganization. Central to our under-
standing of climatic evolution through this interval is the quantification
of global temperatures. The temperature record of the Late Cretaceous
and early Paleogene is now reasonably well constrained for oceanic bot-
tom waters (e.g., Cramer et al., 2009), whereas current knowledge of
continental temperatures is substantially poorer. Notably, the true nature
of terrestrial climate changes that may have influenced the major biotic
reorganizations associated with the end-Cretaceous mass extinction is
debated (e.g., Wilf et al., 2003). Moreover, the Cretaceous—Paleogene
climate evolution of high-latitude areas such as Antarctica is highly un-
certain owing to a paucity of accessible study sites and inadequate dat-
ing of existing data. Accurately quantifying past Antarctic temperatures
is important, however, for assessing the veracity of paleoclimate models,
and because of the key role that the continent played, and continues to
play, in modulating global climate.

The Antarctic Peninsula is an area of specific interest to modern
and past climatic studies, as it seems particularly sensitive to change
(e.g., Bowman et al., 2013). Continental paleotemperature estimates for
the Cretaceous—early Paleogene interval are reliant on relatively sparse
and isolated paleofloral-derived data (Greenwood and Wing, 1995;
Francis and Poole, 2002; Poole et al., 2005). These data suggest that
the Antarctic Peninsula experienced cool temperate climates at vari-
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ous times from the Maastrichtian to Eocene, although the stratigraphic
resolution of these data is coarse, so the absence of climatic variability
could be an artifact. A complementary approach for reconstructing past
continental climates is based on the methylation index and cyclization
ratio of branched glycerol dialkyl glycerol tetraethers (brGDGTs) in
bacterial membrane lipids (Weijers et al., 2007), known as the MBT/
CBT paleothermometer. It has the advantage over macrofloral proxies in
that the analyses can be carried out on relatively small quantities of bulk
sediment sampled at high temporal resolutions, and it is, therefore, not
reliant on the presence and discovery of well-preserved flora.

To further our understanding of Late Cretaceous to early Paleogene
climate evolution on Antarctica, we present here MBT/CBT—derived
continental paleotemperature estimates through the latest Cretaceous to
Paleocene of Seymour Island (paleolatitude ~65°S; Fig. 1). We com-
pare these new continental paleotemperature estimates with estimates
derived from existing paleofloral proxies and sea-surface temperature
(SST) data, and discuss our findings in the context of circum-Antarctic
climate evolution through the Late Cretaceous and early Paleogene.

MATERIALS AND METHODS

Seymour Island contains one of the most expanded Cretaceous—
Paleogene (K-Pg) successions known. Our studied interval comprises
~700 m of predominantly shallow-marine deltaic to estuarine sediments
deposited in a large backarc basin fed from the Antarctic Peninsula mag-
matic arc (Crame et al., 1991). The K-Pg boundary occurs in the up-
permost part of the Lépez de Bertodano Formation, where it is marked
by a minor iridium anomaly (Elliot et al., 1994; Fig. 2). An unconfor-
mity separates the Lopez de Bertodano Formation from the overlying
Sobral Formation, which is early Paleocene in age (Bowman et al., 2012,
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Figure 1. Paleogeographic and present-day maps showing loca-
tion of Seymour Island, Antarctic Peninsula, and other localities
discussed in text. Paleogeographic map is redrawn after Bijl et al.
(2009). 1172 and U1356 are ocean drilling sites discussed in the text.
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Figure 2. Organic geochemistry and paleotemperature data from Seymour Island, Antarctica. Methylation index of branched tetraeth-
ers (MBT’), cyclization ratio of branched tetraethers (CBT), soil pH, and mean annual air temperature (MAT) are calculated using equa-
tions of Peterse et al. (2012). Error bars equate to the =5 °C uncertainty inherent in MBT/CBT calibration data set (Peterse et al., 2012).
BIT—branched and isoprenoid tetraether; MAAST.—Maastrichtian; UP.—Upper; PALEO.—Paleogene; cl.—clay; s—silt; vf—very fine
sand; f—fine sand; m—medium sand; c—coarse sand; vc—very coarse sand.

and references therein; Fig. 2; see also the GSA Data Repository'). The
Cross Valley Formation unconformably overlies the Sobral Formation,
infilling a deeply incised valley. Marine palynological data indicate that
the Cross Valley Formation is late Paleocene in age (Wrenn and Hart,
1988; Fig. 2; see the Data Repository).

MBT/CBT paleotemperatures were determined on 41 samples. For
glycerol dialkyl glycerol tetracthers (GDGT) analysis, 8—20 g of sediment
was solvent extracted ultrasonically following the methods outlined by
Schouten et al. (2007). Extracts were analyzed for GDGT abundance us-
ing an Agilent 1200 HP-LC-MS online to a G6130A single quadrupole
mass spectrometer. Soil pH and mean annual air temperature (MAT) were
calculated from analysis of MBT and CBT abundances using the calibra-
tion equations of Peterse et al. (2012) (see the Data Repository). This latest
calibration uses an MBT quantification distinct from that originally pre-
sented in Weijers et al. (2007), hereafter referred to as MBT’ (see Peterse
et al., 2012, for details). Repeat analysis of standards and samples yielded
MBT’ and CBT uncertainties that equated to absolute temperature errors
of <0.5 °C. This analytical uncertainty is well within the calibration error
of 5 °C (Peterse et al., 2012). The organic matter within our samples was
also characterized through organic carbon isotope analysis (8"°C_ ) and
calculation of the branched and isoprenoid tetraether (BIT) index, which
is a measure of the terrestrial (branched) versus marine-derived GDGT
content (Fig. 2; Hopmans et al., 2004).

RESULTS

The relatively high BIT indices, coupled with abundant fossil wood
observed in the field, indicate a predominantly terrestrial origin for the or-
ganic matter within the analyzed samples (Fig. 2). The calculated BIT in-

!GSA Data Repository item 2014205, Table DR1 (all data), and Figure DR1
(available age control for the studied succession), is available online at www.
geosociety.org/pubs/ft2014.htm, or on request from editing @geosociety.org or
Documents Secretary, GSA, P.O. Box 9140, Boulder, CO 80301, USA.

dex values (mean of 0.56) preclude the use of the TEX, proxy for marine
paleotemperature determination owing to the risk of terrestrially derived
isoprenoid GDGTs biasing calculated TEX values (Weijers et al., 2006).
BIT index, 8‘3Curg, MBT’, CBT, soil pH, and calculated temperature are
plotted in Figure 2 against a composite log of the studied interval.

Our data demonstrate that MAT's from the Lépez de Bertodano and
Sobral Formations average 12.4 + 5 °C (Fig. 2). Within the Cross Valley
Formation this average decreases to 8.7 + 5 °C, which includes one mark-
edly lower value of 3.6 °C (Fig. 2). This value and four other relatively
low temperatures (7-10 °C) calculated from the Cross Valley Formation
are associated with organic matter with markedly higher 613C0rg values
than determined from samples elsewhere in the succession (>2%. differ-
ence; Fig. 2). It is thus possible that the organic matter in these samples
was at least partly derived from soils formed in a region distinct from
that of the rest of the succession. However, 8'3C0rg does not correlate with
temperature or any other measured index in the succession, and samples
associated with these relatively low temperatures are not associated with
consistently different BIT indices or pH, MBT’, or CBT values.

DISCUSSION

Our results indicate the existence of a predominantly cool temperate
climate during the latest Cretaceous and Paleocene of Seymour Island,
with possible subantarctic and warm temperate interludes (Figs. 2 and 3).
Although high-latitude MBT’/CBT paleotemperature estimates may be
biased toward summer-month temperatures (e.g., Pross et al., 2012), the
veracity of our record is supported by sparse paleofloral temperature prox-
ies from Seymour Island and the Antarctic Peninsula region (e.g., Francis
and Poole, 2002; Poole et al., 2005; Fig. 3). Our findings are also in broad
agreement with recent SST estimates of surrounding shelf seas from 6'*0
analysis of fossil shells from the Lépez de Bertodano Formation by Tobin
et al. (2012) (Fig. 3). These authors concluded that SSTs were close to
~8 °C through the latest Maastrichtian, with pronounced warming epi-
sodes occurring just prior to and across the K-Pg boundary that they dated
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SEYMOUR ISLAND DATA = Hollis et al. (2012): TEX86 (New Zealand (NZ))

_[lI]_This study: MBT'/CBT (Form- ; Pross et al. (2012): MBT'/CBT (IODP Site U1356)
ation averages, +5°C error) (Peterse et al. 2012 recalibration and +5°C error)

S Tobin etal. (2012): 8°0 (shell)| _ Bijl et al. (2009): TEX86 (IODP Site 1172) (Holl-
Ivany et al. (2008): §%0 (shell) is et al., 2012 recalibration and +4°C error)

Poole et al. (2005): plant Pancost et al. (2013): MBT'/CBT (¢5°C error) (NZ)

proxies < Hollis et al. (2012): Mg/Ca (planktic foram.)(NZ)
DEEP SEA (SUBANTARCTIC) -*-Carpenter et al. (2012): plant proxies (Tasmania)
Cramer et al. (2009): 80 -fl} Kennedy (2003): plant proxies (NZ)

(benthic foram.)
(Hollis et al., 2012 calibration) -I:J-Greenwood et al. (2003): plant proxies (Austr.)

Figure 3. Compilation of multi-proxy paleotemperature data through
Late Cretaceous to middle Eocene in circum-Antarctic region. Our
methylation of branched tetraethers/cyclization of branched tetra-
ethers (MBT'/CBT) paleotemperatures are plotted as formation av-
erages from 41 samples analyzed in this study. Note that precise
ages and durations of Seymour Island formations are uncertain (see
main text and Data Repository [see footnote 1] for details of avail-
able age control). Age model displayed and age errors for our data
thus show maximum likely age span for each formation. Error bars
shown for plant proxy paleotemperature data are taken directly from
original references and equate to maximum range of uncertainty
in age and temperature (including calibration errors if provided).
Shaded regions of MBT/CBT and TEX, data correspond to calibra-
tion error of these estimates. All MBT/CBT paleotemperatures are
calculated using calibration equations of Peterse et al. (2012). All
data have been compiled based on stratigraphic ages provided in
original references, tied here to time scale of Gradstein et al. (2012).
La Meseta Formation “TELM” ages are from lvany et al. (2008).
Precise age of La Meseta Formation is debated (see main text for
discussion). Paleotemperature data of Kennedy (2003) from three
separate study sites have been averaged to a single point owing to
high uncertainties in age. EECO—Early Eocene Climatic Optimum;
PETM—Paleocene—Eocene Thermal Maximum; K-Pg—Cretaceous-
Paleogene; temp.—temperate; foram.—foraminifera; Austr. —Aus-
tralia; L.—Late; E.—Early; M.—Middle; Cretac.—Cretaceous; Pal./
Paleo.—Paleogene; Maastricht.—Maastrichtian; Selan.—Selandian;
Thanet.—Thanetian; IODP—Integrated Ocean Drilling Program. Cli-
mate subdivisions from Hollis et al. (2012).
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as contemporaneous with episodes of enhanced Deccan Trap volcanism
(Tobin et al., 2012; Fig. 3). Coeval terrestrial palynomorph data from Sey-
mour Island similarly support a short interval of warming immediately
prior to the K-Pg boundary (Bowman et al., 2013). This warming was
likely a global phenomenon based on evidence from other widely dis-
tributed terrestrial and marine records (Wilf et al., 2003, and references
therein). Within our Seymour Island MBT’/CBT data we note an increase
in paleotemperatures leading up to the Cretaceous-Paleogene boundary
broadly coeval with the warming recognized by Tobin et al. (2012) and
Bowman et al. (2013) (Fig. 2). However, the resolution afforded by the
data, limited primarily by the calibration uncertainty of the MBT/CBT-
derived estimates, does not allow us to unambiguously reconcile our data
with these other records. Indeed, the precise magnitude of the temperature
change noted by Wilf et al. (2003) and Tobin et al. (2012) is likely to be
between 3 °C and 7 °C; i.e., potentially within the calibration uncertainty
of the MBT’/CBT method (Peterse et al., 2012). Regardless of the pre-
cise pattern of continental climate change through the K-Pg of Seymour
Island, our data support the suggestion that climate was relatively stable,
and, in line with the findings of Wilf et al. (2003), refutes previous asser-
tions that the earliest Paleocene was marked by major warming of ~10 °C
(Wolf, 1990).

Our new data add important detail to an emerging picture of cli-
matic evolution through the Late Cretaceous and early Paleogene of the
circum-Antarctic region, summarized in Figure 3. Within this broader
context, we note that the cool temperate paleotemperatures we deduce
for the Antarctic Peninsula region in the Paleocene are consistent with
paleofloral and MBT’/CBT—derived estimates from New Zealand (Ken-
nedy, 2003; Pancost et al., 2013; Fig. 3). These continental paleotem-
peratures are also largely within error of coeval SST estimates from
the surrounding southwest Pacific (Bijl et al., 2009; Hollis et al., 2012;
Fig. 3). A pronounced warming in the southwest Pacific occurs through
the latest Paleocene and early Eocene, culminating in the Early Eocene
Climatic Optimum (EECO) (Bijl et al., 2009; Hollis et al., 2012; Fig. 3).
This climatic optimum is also ostensibly apparent in continental paleo-
temperature proxies from the surrounding region, specifically southern
Australia (Greenwood et al., 2003; Carpenter et al., 2012), New Zealand
(Pancost et al., 2013), and East Antarctica (Integrated Ocean Drilling
Program Site U1356; Pross et al., 2012; Fig. 1) (Fig. 3). The large un-
certainties in paleotemperature estimates derived from these continental
proxies undoubtedly temper the clarity of this observation, but the pat-
tern of a relatively cool Maastrichtian—Paleocene followed by a warmer
early Eocene would be reasonably predicted for Antarctica based on a
benthic 3'*0 compilation (Cramer et al., 2009; Hollis et al., 2012; Fig. 3).
It is conspicuous that paleotemperatures determined from the Eocene La
Meseta Formation of Seymour Island do not appear to show the same
trend and are indistinguishable from the paleotemperatures proposed
for the Maastrichtian—Paleocene (Greenwood and Wing, 1995; Poole et
al., 2005; Ivany et al., 2008; Fig. 3). In part, this observation may stem
from uncertainties in the choice of the correct 60 value in the
calibration of molluscan 80 SST data (Ivany et al., 2008). Equally,
there is debate regarding the exact Eocene age of the La Meseta Forma-
tion (Ivany et al., 2008; Pross et al., 2012). Nevertheless, in line with
the observations of Carpenter et al. (2012), the reconstructed SSTs for
the La Meseta Formation are ~10 °C cooler than coeval SSTs from any
portion of the early or middle Eocene at Ocean Drilling Program (ODP)
Site 1172—positioned at the same paleolatitude as Seymour Island in
the southwest Pacific (~65°S; Bijl et al., 2009; Fig. 3). The Maastrich-
tian—Eocene paleotemperature record from Seymour Island thus empha-
sizes that long-term climate variability in the Antarctic Peninsula region
was muted relative to other parts of the circum-Antarctic, which has
been ascribed to the effects of the proto-Leeuwin and proto—east Aus-
tralian currents delivering relatively warmer surface flow to the southern
Australian—East Antarctic and southwest Pacific regions respectively
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(see for example Huber et al., 2004; Carpenter et al., 2012; Hollis et al.,
2012; Pross et al., 2012; Fig. 1).

CONCLUSIONS

Our data provide the first geochemically quantified, high-resolution
estimates of Antarctic continental temperatures during the Maastrich-
tian and Paleocene. As such, they help elucidate the climatic history of
the continent and place into context the regional and temporal changes
in climate that occurred through this key interval of Earth history. Our
brGDGT-based paleotemperature estimates indicate that a predominantly
cool temperate climate prevailed during the late Maastrichtian and Paleo-
cene on the Antarctic Peninsula. This finding is in close agreement with
sparse paleofloral constraints on Antarctic climate for this interval. Our
work also exemplifies the potentially dynamic nature of early Paleogene
climate evolution in the southern high latitudes.

ACKNOWLEDGMENTS

This work was funded by Natural Environment Research Council (UK) grants
NE/1005803/1, NE/100582X/1, NE/1005501/1, and NE/I02089X/1, and a Royal So-
ciety University Research Fellowship (Robinson). Support for fieldwork (Ineson)
from the Carlsberg Foundation is gratefully acknowledged. We thank Jorg Pross for
kindly sharing his brGDGT data from Site U1356. We are grateful for discussion with
Rich Pancost and the constructive comments of the reviewers.

REFERENCES CITED

Bijl, P., Schouten, S., Slujis, A., Reichart, G.-J., Zachos, J.C., and Brinkhuis,
H., 2009, Early Palacogene temperature evolution of the southwest Pacific
Ocean: Nature, v. 461, p. 776-779, doi:10.1038/nature08399.

Bowman, V.C., Francis, J.E., Riding, J.B., Hunter, S.J., and Haywood, A.M.,
2012, A latest Cretaceous to earliest Paleogene dinoflagellate cyst zonation
from Antarctica, and implications for phytoprovincialism in the high south-
ern latitudes: Review of Palacobotany and Palynology, v. 171, p. 40-56,
doi:10.1016/j.revpalbo.2011.11.004.

Bowman, V.C., Francis, J.E., and Riding, J.B., 2013, Late Cretaceous winter sea
ice in Antarctica?: Geology, v. 41, p. 1227-1230, doi:10.1130/G34891.1.

Carpenter, R.J., Jordan, G.J., Macphail, M.K., and Hill, R.S., 2012, Near-tropical
Early Eocene terrestrial temperatures at the Australo-Antarctic margin,
western Tasmania: Geology, v. 40, p. 267-270, doi:10.1130/G32584.1.

Crame, J.A., Pirrie, D., Riding, J.B., and Thomson, M.R.A., 1991, Campanian-
Maastrichtian (Cretaceous) stratigraphy of the James Ross Island area, Ant-
arctica: Journal of the Geological Society, v. 148, p. 1125-1140, doi: 10.1144
/gsjgs.148.6.1125.

Cramer, B.S., Toggweiller, J.R., Wright, J.D., Katz, M.E., and Miller, K.G., 2009,
Ocean overturning since the Late Cretaceous: Inferences from a new ben-
thic foraminferal isotope compilation: Paleoceanography, v. 24, PA4216,
doi:10.1029/2008PA001683.

Elliot, D.H., Askin, R.A., Kyte, F.T., and Zinsmeister, W.J., 1994, Iridium and di-
nocysts at the Cretaceous-Tertiary boundary on Seymour Island, Antarctica:
Implications for the K-T event: Geology, v. 22, p. 675-678, doi:10.1130
/0091-7613(1994)022<0675:IADATC>2.3.CO;2.

Francis, J.E., and Poole, 1., 2002, Cretaceous and early Tertiary climates of Ant-
arctica: Evidence from fossil wood: Palaeogeography, Palaeoclimatology,
Palaeoecology, v. 182, p. 47-64, doi:10.1016/S0031-0182(01)00452-7.

Gradstein, FM., Ogg, J.G., Schmitz, M.D., and Ogg, G.M., 2012, A Geologic
Time Scale 2012: Amsterdam, Elsevier, 1143 p.

Greenwood, D.R., and Wing, S.L., 1995, Eocene continental climates and latitudi-
nal temperature gradients: Geology, v. 23, p. 1044-1048, doi:10.1130/0091
-7613(1995)023<1044:ECCALT>2.3.CO;2.

Greenwood, D.R., Moss, P.T., Rowett, A.I., Vadala, A.J., and Keefe, R.L., 2003,
Plant communities and climate change in southeastern Australia during the
early Paleogene, in Wing, S.L., et al., eds., Causes and consequences of glob-
ally warm climates in the early Paleogene: Geological Society of America
Special Paper 369, p. 365-380, doi:10.1130/0-8137-2369-8.365.

Hollis, C.J., et al., 2012, Early Paleogene temperature history of the southwest
Pacific Ocean: Reconciling proxies and models: Earth and Planetary Sci-
ence Letters, v. 349-350, p. 53-66, doi:10.1016/j.epsl.2012.06.024.

Hopmans, E.C., Weijers, J.W.H., Schefuss, E., Herfort, L., Sinninghe Damsté, J.S.,
and Schouten, S., 2004, A novel proxy for terrestrial organic matter in sedi-
ments based on branched and isoprenoid tetraether lipids: Earth and Planetary
Science Letters, v. 224, p. 107-116, doi:10.1016/j.eps1.2004.05.012.

Huber, M., Brinkhuis, H., Stickley, C.E., Doos, K., Slujis, A., Warnaar, J., Schel-
lenberg, S.A., and Williams, G.L., 2004, Eocene circulation of the Southern
Ocean: Was Antarctica kept warm by subtropical waters?: Paleoceanogra-
phy, v. 19, PA4026, doi:10.1029/2004PA001014.

Ivany, L.C., Lohrman, K.C., Hasiuk, F., Blake, D.B., Glass, A., Aronson, R.B.,
and Moody, R.M., 2008, Eocene climate record of a high southern lati-
tude continental shelf: Seymour Island, Antarctica: Geological Society of
America Bulletin, v. 120, p. 659-678, doi:10.1130/B26269.1.

Kennedy, E.M., 2003, Late Cretaceous and Paleocene terrestrial climates of New
Zealand: Leaf fossil evidence from South Island assemblages: New Zea-
land Journal of Geology and Geophysics, v. 46, p. 295-306, doi:10.1080
/00288306.2003.9515010.

Pancost, R.D., et al., 2013, Early Paleogene evolution of terrestrial climate in
the SW Pacific, Southern New Zealand: Geochemistry Geophysics Geosys-
tems, v. 14, p. 5413-5429, doi:10.1002/2013GC004935.

Peterse, F., van der Meer, J., Schouten, S., Weijers, J.W.H., Fierer, N., Jackson,
R.B., Kim, J.-H., and Sinninghe Damsté, J., 2012, Revised calibration of the
MBT-CBT paleotemperature proxy based on branched tetraether membrane
lipids in surface soils: Geochimica et Cosmochimica Acta, v. 96, p. 215-
229, doi:10.1016/j.gca.2012.08.011.

Poole, 1., Cantrill, D., and Utescher, T., 2005, A mulitproxy approach to deter-
mine Antarctic terrestrial palacoclimate during the Late Cretaceous and
Early Tertiary: Palacogeography, Palaeoclimatology, Palacoecology, v. 222,
p. 95-121, doi:10.1016/j.palaeo.2005.03.011.

Pross, J., et al., 2012, Persistent near-tropical warmth on the Antarctic continent dur-
ing the early Eocene epoch: Nature, v. 488, p. 7377, doi:10.1038/nature11300.

Schouten, S., Forster, A., Panoto, FE., and Sinninghe Damsté, J.S., 2007, To-
wards calibration of the TEX,, palaeothermometer for tropical sea surface
temperatures in ancient greenhouse worlds: Organic Geochemistry, v. 38,
p. 1537-1546, doi: 10.1016/j.orggeochem.2007.05.014.

Tobin, T.S., Ward, P.D., Steig, E.J., Olivero, E.B., Hilburn, I.A., Mitchell, R.N.,
Diamond, M.R., Raub, T.D., and Kirschvink, J.L., 2012, Extinction patterns,
8'*0 trends, and magnetostratigraphy from a southern high-latitude Creta-
ceous-Paleogene section: Links with Deccan volcanism: Palacogeography,
Palaeoclimatology, Palaeoecology, v. 350-352, p. 180-188, doi:10.1016
/j.palaeo.2012.06.029.

Weijers, J.W.H., Schouten, S., Spaargaren, O.C., and Sinnighe Damsté, J.S., 2006,
Occurrence and distribution of tetraether membrane lipids in soils: Implica-
tions for the use of the TEX, proxy and the BIT index: Organic Geochem-
istry, v. 37, p. 1680-1693, doi:10.1016/j.orggeochem.2006.07.018.

Weijers, J.W.H., Schouten, S., van den Donker, J.C., Hopmans, E.C., and Sin-
nighe Damsté, J.S., 2007, Environmental controls on bacterial tetraether
membrane lipid distribution in soils: Geochimica et Cosmochimica Acta,
v. 71, p. 703-713, doi:10.1016/j.gca.2006.10.003.

Wilf, P., Johnson, K.R., and Huber, B.T., 2003, Correlated terrestrial and ma-
rine evidence for global climate changes before mass extinction at the
Cretaceous-Paleogene boundary: Proceedings of the National Academy of
Sciences of the United States of America, v. 100, p. 599-604, doi:10.1073
/pnas.0234701100.

Wolf, J.A., 1990, Palaeobotanical evidence for a marked temperature increase fol-
lowing the Cretaceous/Tertiary boundary: Nature, v. 343, p. 153-156, doi:
10.1038/343153a0.

Wrenn, J.H., and Hart, G.F,, 1988, Paleogene dinoflagellate cyst biostratigraphy
of Seymour Island, Antarctica, in Feldmann, R.M., and Woodburne, M.O.,
eds., Geology and paleontology of Seymour Island, Antarctic Peninsula:
Geological Society of America Memoir 169, p. 321-447, doi:10.1130
/MEM169-p321.

Manuscript received 28 January 2014
Revised manuscript received 4 April 2014
Manuscript accepted 4 April 2014

Printed in USA

www.gsapubs.org | | GEOLOGY



