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Abstract. The Paleocene—Eocene Thermal Maximum 1 Introduction

(PETM) represents & 170 kyr episode of anomalous global

warmth ~56 Ma ago. The PETM is associated with rapid

and massive injections of3C-depleted carbon into the The Paleocene-Eocene Thermal Maximum (PETM) rep-
ocean-atmosphere system reflected as a prominent negatif@Sents a~170kyr episode of anomalous global warmth
carbon isotope excursion (CIE) in sedimentary components? 96 Ma ago associated with a prominent negative carbon
Earth’s surface and deep ocean waters warmed-ByC, isotope excursion (CIE) in marine and terrestrial sediments.
of which part may have occurred prior to the CIE. However, The source of the carbon injected during the PETM is still
few records document continental climatic trends anddebated. Proposed hypotheses include (i) biogenic methane
changes in seasonality have not been documented. Here wEPM gas hydrate dissociation (Dickens et al., 1995, 1997),
present the first high-resolution vegetation and paleoclimatdil) CO2 from extensive oxidation of terrestrial organic car-
reconstructions for the PETM, based on nearest livingPon (Kurtz et al., 2003; Deconto et al., 2012), (iii) thermo-
relative analysis of terrestrially derived spore and pollen9€enic methane derived from emplacement of a large igneous
assemblages preserved in an expanded section from tHrovince (LIP) in the North Atlantic (Svensen et al., 2010)
central North Sea. Our data indicate reductions in boreaPF combinations of such sources (Sluijs et al., 2007; Panchuk
conifers and an increase in mesothermal to megathermat al., 2008). At least four transient global warming events
taxa, reflecting a shift towards wetter and warmer climate.'elated to massive carbon input occurred through the late
We also record an increase in summer temperatures, greatE@leocene—early Eocene, apparently paced by orbital cycles
in magnitude than the rise in mean annual temperaturé"’ithi” the Milankovitch band (Lourens et al., 2005; Galeotti
changes, and a shift to a summer-wet seasonality. Within th&t al., 2010). Recent studies have therefore preferred mech-
CIE, vegetation varies significantly with initial increases in @nisms that require a climatological trigger for carbon in-
epiphytic and climbing ferns, and development of extensivelection, for example through enhancement of seasonal ex-
wetlands, followed by abundance®éryaspp. indicative of ~ tremes that caused changes in ocean circulation, which in
broadleaf forest colonization. Critically, the change in vege-turn could dissociate submarine methane hydrates (Lunt et
tation we report occurs prior to the CIE, and is concomitant@l-» 2011). Critically, several records suggest that some of
with anomalous marine ecological change, as representetie warming preceded the injection BiC-depleted carbon

by the occurrence ohpectodinium augusturiThis suggests by several thousands of years, which may have triggered

that amplifications of seasonal extremes triggered carborh€ injection of carbon (Sluijs et al., 2007; Secord et al.,
injection. 2010; Kender et al., 2012). However, hitherto no data ex-

isted to evaluate if this warming included a seasonal bias.
Such small time lags can only be resolved in stratigraphically
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2 Materials and methods
2.1 Core 22/11-N1, Forties Sandstone Member

The Forties Sandstone is dominated by an elongate NW-SE-
oriented depositional system, reflecting sediment-dominant
sediment supplied by extensive deltaic feeders located to the
north and west of the main depocenter (Bowman, 1998). The
main source of sand and muds to the submarine fan is derived
from the rejuvenated and recently uplifted Mesozoic hinter-
land (Bowman, 1998; White and Lovell, 1997; Haland et al.,
2000; Underhill, 2001; Mudge and Jones, 2004; Maclennan
and Jones, 2006). Quantitative paleoenvironmental recon-
struction of this system requires that records of terrestrial
spores and pollen recovered from these sediments accurately
reflect the vegetation zones of the hinterland at the time of
deposition. Therefore, an understanding of the primary fac-
tors controlling transport and sedimentation of pollen and
spores is essential. Two main transportation mechanisms that
Fig. 1. Location map of 22/11-N1, Nelson Field, central North Sea g¢count for the majority of spores and pollen in marine sed-
(CNS). Colored polygons representing oil and gas fields. Red sterﬁnents are (i) atmospheric transport by wind and (ii) hydro-
represent the location of recent studies on the (1) Cobham Lig-y namic transport by rivers and runoff. The majority of the
nite (Collinson et al., 2009) and (2) Vasterival section, NW France . Lo
(Storme et al., 2012; Garel et al., 2013). cored sedments at well 22/11—N1 reflect heterol|t.h|c low-
stand deposits, and are characterized by more continuous flu-
vial input of both sands and suspended muds as rivers and

expanded sediment sections, typically from marginal marinesediment bypass the shelf. Due to this relatively “short-time”
areas because deep-marine sections are condensed duef€6ycling on the shelf, the sporomorphs are less likely than
the massive dissolution of carbonates (Zachos et al., 2005Pther deposits to be affected by sediment winnowing. There
The central North Sea basin yields vastly expanded PETMS potential for hydrodynamic sorting within the turbidity
sections because of massive sediment supply from the hinflow itself, although it is difficult to quantify. However, as
terland (Sluijs et al., 2007). Numerous of such successionghe main sporomorph trends recorded in 22/11-N1 are iden-
have been retrieved by oil exploration and production com-tified regionally and in different depositional settings (shelf,
panies, but generally have not been made publicly availableSlope and basin, fairway channel/margin) as per the Shell Ex-
We studied Shell Exploration and Production well 22/11-N1 Ploration and Production PT Zonation (Schroder, 1992), the
(57°39.46 N, 1°8.444 E; present water depth 83 m) in the role of hydrodynamic sorting in the timescale presented here
central North Sea (Fig. 1). This core was drilled in 1991 is likely to be limited.

from the Nelson Field platform penetrating an expanded sec- Atmospheric transport by wind is mainly reflected by
tion comprising heterolithic sands and mudstones of the Forthe abundance of Pinaceae counts, princip@ifyuspollen,

ties fan system. Our objectives were to examine spores an@hich is strongly over-represented in marine sediments
pollen (sporomorphs) from palynological residues to under-due to significant long-distance dispersal, although counts
stand vegetation dynamics during the PETM interval and> 50% likely reflect continental sources within 500 km
then apply nearest living relative (NLR) analyses on these(Hooghiemstra, 1998). Therefore, the abundances of the
assemblages to reconstruct mean annual temperature (MA®POre and pollen assemblages are expressed as percentages
estimates, including seasonal estimates of cold and warr®f the main sum, which includes all pollen excéinus—
month mean temperature (CMMT, WMMT). We also gener- Piceaspp. Due to the over-representatiorPifiusandPicea

ated mean annual precipitation (MAP), and for the first time pollen in these sediments, these taxa were also excluded from
we also provide estimates of cold and warm month mearihe NLR analyses so that the climate estimates reflect secular
precipitation (CMMP, WMMP), as measures of precipitation changes on the adjacent landmass, rather than more effective
seasonality as shifts in the hydrological regime have beenyvind dispersal and/or variations in elevation, and/or distance
linked to the PETM (Schmitz and Puijalte, 2007; Sluijs et al., from the source regions.

2008).

2.2 Isotope analyses

In order to constrain the age model and identify the
Paleocene—Eocene CIE, samples were analyzed for bulk
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organic carbon isotope on the total organic carbon fractionThese sources included NLR climate data primarily obtained
(613Croc). An aliquot of each powdered sample was reactedfrom Thompson et al. (2012), which include climate range
with ~ 50 ml of 10 % HCI overnight to remove any carbon- data for the majority of genera and species of tree occur-
ate present, the acid was decanted, and then the sample wdaag in North America, as well as climate range data for
rinsed 3—4 times with 250 ml of deionized water. The sam-taxa whose primary modern occurrence is in China (Fang
ples were dried at 60C in an oven and analyzed using a et al., 2011). For taxa not represented in these databases,

MAT253 mass spectrometer. we obtained geographical distribution data from the Aus-
tralian National Herbarium Specimen Information Regis-
2.3 Palynological analyses ter (2011), from the Natural Resources Canada (2012) online

database, and/or the Global Biodiversity Information Facility
Samples from core 22/11-N1 were demineralized using coldhttp://www.gbif.orgj and determined the climate profile for
hydrochloric (30 % HCI) and hydrofluoric (60 % HF) acids. each taxon using the mathematical climate surface software
Concentrated nitric acid (70 % HN{pwas then employed ANUCLIM 6.1 (Hu and Hutchinson, 2013) for Australian
for oxidation purposes, followed by sieving through 10- and Canadian records, or using WorldCLIM (Hijmans et al.,
micron and 30-micron sieves to concentrate the remain2005, 2012) for NLR analyses distributed widely outside of
ing residues, which were then air-dried on coverslips andthese areas and not available from the other sources. Both
mounted on slides using Elvacite. Residues were analyzedNUCLIM and WorldCLIM use the ANUSPLIN software
using a stereo-binocular microscope until 300 specimens opackage for generating climate data (Xu and Hutchinson
marine palynomorphs, while the entire slide was counted for2013; Hijmans et al., 2005, 2012). The same method was

terrestrial palynomorphs. used by Fang et al. (2011) to generate climate range data for
their Chinese database. Each profile contains the maximum
2.4 Quantitative climate reconstructions based on and minimum values for a range of climate and related en-
sporomorph assemblages vironmental variables (Thompson et al., 2012; Fang et al.,

2011). The estimate for each climate parameter from biocli-
We analyzed the spore-pollen (sporomorph) record of termatic analysis is the mean value of the 10th and 90th per-
restrial vegetation as proxies of climate using two variantscentile of the maximum and minimum values across all taxa
of nearest living relative (NLR) analysis: bioclimatic anal- recorded in a sample, with the total range between these plot-
ysis and the mutual climate range (MCR) technique. Theted as an “error bar’(Greenwood et al., 2005; Eldrett et al.,
method of bioclimatic analysis is as described by Greenwood®009; Pross et al., 2012). This statistical process objectively
et al. (2005), and is comparable to coexistence analysisemoves extreme outliers, consistent with recent recommen-
(Mosbrugger and Utescher, 1997) but differs from thatdations (Grimm and Denk, 2012; Thompson et al., 2012).
method in how outliers are removed and in how the esti-All samples used in our analysis had at least 11 NLR analy-
mate is calculated. The MCR technique applies a comparablses with climate profiles (minimuga 13, mean=18.7, max-
methodology to coexistence analysis, but uses a different setnum NLR= 26), as per the recommendations of Thompson
of modern plant climate range data sets, and has been riget al. (2012).
orously tested for North American Quaternary and modern
samples for both accuracy and precision (Thompson et al.,
2012). 3 Results and discussion

The first step in NLR analysis is to identify as many sporo-

morph taxa with nearest living relatives as possible fromThe sediments in core 22/11-N1 are barren of calcareous
the fossil floras for which climate profiles are available or and siliceous microfossils, but yield rich and abundant pa-
can be developed. The sporomorph taxa that were utilizedynological assemblages, notably organic-walled dinoflagel-
in this study and their NLR analyses can be found in thejate cysts (dinocysts; Fig. 2) and spores and pollen from
Supplement. Grimm and Denk (2012) found that estimateshigher plants (Fig. 3), suitable for paleoecological and pale-
of temperature for modern forest sites using a NLR ap-oclimatological analyses. Along with palynological data, our
proach based on regional modern plant climate range datal3Croc provides stratigraphic framework to constrain our
sets (e.g., Thompson et al., 2012) were much more accuratgaleoclimatological estimates for the PETM interval.
than using the PALAEOFLORA database (Mosbrugger and
Utescher, 1997) and recommended against using the latte3.1 Stratigraphic framework
database of NLR climate ranges. The climatic ranges (“pro-
files”) of the NLR analyses used in this study are thereforeThe recovery of diverse and abundant dinocyst, spore
mainly from the same sources as those used by Greenwoaaind pollen assemblages allows the regional biostratigraphic
et al. (2005, 2010), Eldrett et al. (2009), Fang et al. (2011),zonation (Schroder, 1992) to be applied to these sediments
Thompson et al. (2012) and Pross et al. (2012), consiseonstraining the PETM interval (Fig. 2). In particular, the
tent with the recommendations of Grimm and Denk (2012).occurrence of the dinocygireoligera gippingensisn the
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Fig. 2. Data from well 22/11-N1(a) lithostratigraphy/lithology(b) gamma-ray log(c) carbon isotope datd¥3Ctoc), (d) selected distri-
bution (specimen counts) of regional dinocyst bioevents,(apdpplied regional biostratigraphic zonation after Schroder (1992).

Lista Formation marks the latest Paleocene, and abundarthis isotope excursion as defined from 2264 mbsf is signifi-
occurrence of thépectodiniunspp., and in particulakpec-  cant ¢ stat= 9.81;¢ critical = 1.7; p value= 4.6 x 10°1°;
todinium augustunin core 22/11-N1 between 2272.1mbsf « =0.05). This suggests that in core 22/11-M1 augustum

and 2218.07mbsf is diagnostic of the PETM (Bujak and occurs immediately prior to the Paleocene—Eocene CIE.
Brinkhuis, 1998; Schmitz et al., 2004; Sluijs et al., 2007; The magnitude and shape of the CIE in well 22/11-N1
Egger et al., 2009; Sluijs and Brinkhuis, 2009; Kender et al.,is also anomalous compared to typical deep marine records,
2012). The occurrence @&. augustunmexcludes the possi- which are usually characterized by an abrupt negative shift,
bility that the CIE reflects one of the younger early Eoceneoften termed the “initiation”, followed by a phase of rela-
transient global warming events (Lourens et al., 2005). How-tively stable, low values, which has been termed the “body”
ever, it has been shown that occurrencesApéctodinium  of the CIE, and a subsequent “recovery” to high&iC val-

spp. andA. augustunean occur below the Paleocene—Eoceneues (Mclnerney and Wing, 2011). O#°Croc record grad-
negative carbon isotope excursion (CIE; see Sluijs et al.ually declines by~ 1 %o for the majority of the cored sec-
2007; Sluijs and Brinkhuis, 2009), which varies globally be- tion, and shows a second decline~-eB %o, between 2224.4
tween—2 and—7 %o (see overview in McInerney and Wing, and 2217.3 mbsf. This trend is more consistent WitCroc
2011). We note a slight negative isotope trend from 2273.8 myecords from shelf sections, such as on Spitsbergen, where
which could be interpreted as the initiation of the Paleocene-Cui et al. (2011) interpret a smeared-out onset of the CIE
Eocene CIE. However at this intervél3Croc values de- as a 20000-year injection time 8fC-depleted carbon at
crease by 0.5 %o from background, and are not significant the onset of the PETM, rather than reflecting the mixing of
(¢ test:r stat= 0.04;r critical = 1.85; p value= 0.48;« = Paleocene and Eocene organic carbon (Sluijs et al., 2012).
0.05). It is possible that the slight shift 83Croc values at ~ This also seems to be the case in our record and the cen-
2273.8 m reflects the changing contribution of organic mattertral North Sea in general, where the sediments were being
(see Sluijs and Dickens, 2012) as this coincides with the inshed from the rapidly uplifted Caledonian Highlands, by-
flux of amorphous organic matter at the boundary betweemassing the shelf and thus would have relatively short or-
the underlying Lista Formation and the Forties Sandstoneganic matter residence times. In theory it is possible to gen-
Member. Ours13Croc record from core 22/11-N1 indicates erate a negative CIE of about 4 %o during the early Paleo-
the Paleocene—Eocene CIE between 2264.5 and 2215.1mbgfene due to changes in marine organic matter source (Sluijs
with a negative shift of up to 3.8 %o (Fig. 2), followed by and Dickens, 2012). However, our palynological data indi-
increasing values up to 2207.4 mbsf.rAest confirms that cate no significant change in organic matter source through
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Fig. 3. Data from well 22/11-N1(a) depth (AHD — along hole depthib) carbon isotope dat#¥3Croc), (c) distribution and percentage
abundance of the dinocyAt augustmand(d) selected spore and pollen percentage abundance.

the PETM interval, being mostly comprised of amorphous3.2 Palynofloral assemblages

organic matter, with subordinate equal proportions of marine

and terrestrial palynomorphs. Our observations are consis- , ) )

tent with maceral-specifid'3C record from a nearby core 1h€ terrestrial palynomorphs in well 22/11-N1 (Fig. 3)
in the central North Sea (Kender et al., 2012) and with speWere mostly transported to the basin via submarine fans.
cific biomarkers3C record from a marginal marine section However, the main trends are regionally defined, occur-
in Denmark (Schoon et al., 2013). In either case, the effect of "9 both in shelf and pelagic sediments, and thus re-
differing organic matter source would be to dampen the mag_flect regional climate events. 'Uppermost Paleocene sedi-
nitude of the CIE but not extend its apparent onset (Cui efMeNts (2264.5-2285.1 mbsf) yield palynofloral assemblages
al., 2011). Therefore, we interpret our carbon isotope recorddominated by the microthermal to mesothermal Pinaceae
with minimum 8%3Croc values being reached only 40 m Abies(fir), Picea(spruce) andP’inus Mesothermal conifers
above the onset of the CIE, as reflecting a 20ka injectior>UCh as Taxodiaceae—Cupressaceae (‘agodiumandj/or
time of 13C-depleted carbon at the onset of the PETM ar]dMetasequm)aare. also abundant, while dicots suchﬁdsu§
indicative of a massively expanded CIE. This would require (2lder), Carya (hickory), andJuglans(walnut) are consis-
relatively high sedimentation rates (2.5 m—5 mid); some- tently prgsent. These tax_a indicate the presence of a mod-
thing that is fully supported in similar depositional environ- €rately diverse mixed co_mfer—broadle.af vegetathn. Towards
ments today, such the Brazos—Trinity submarine fan systeni® PETM_' a significant mcreése_test.t stat= 4.5; 1 crit-

with sedimentation rates as high as 60 nTiy(Primez et i@l = 1.7; p value = 0.0002;« = 0.05) in mesothermal
al., 2012) and the Amazon fan, with sedimentation rates ug® Megathermal taxa occurs including palms/cyc#agel-

to 10mkyr! (Piper and Deptuck, 1997). While the initia- hardla(walnut far_nlly, qulandaceae), and Icacmageag (e.g.,
tion of the CIE seems complete, our stratigraphic interpreta-COmMpositopollenites rhizophorumeso-megathermic vines
tion indicates an erosive surface at the base coarse sand uff ("€ extant genutodes Song et al., 2004). The occurrence
(2225.2 mbsf), so that part of the “CIE body” is missing from of palms/cycads indicates coldest month mean temperatures
the record (Fig. 2). Furthermore, the “CIE recovery” phase in(CMMTS) >5°C in the modern (Greenwood and Wing,
these sediments is relatively condensed, though it could bd995)- However, when grown under the high-£nditions

partly eroded, resulting in an incomplete record for this latterthat prevailed during the Eocene (Lowenstein and Demicco,
interval. 2006; Smith et al., 2010), palms are even less resilient to sea-

sonal cooling, suggesting that CMMTs weseB°C (Royer
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et al., 2002). Hence, the first occurrence of palms/cycads asupport this interpretation. At 2217 mbsf, a relatively sharp

2278.1 mbsf combined with increasing abundances of otheshift in paleoflora composition with a marked decrease in

megathermal taxa implies a shift to warmer climates. Caryaspp. suggests possible condensation or an erosive sur-
The initiation of the CIE is characterized by a signifi- face (see Sect. 3.1). Above this interval, a significant increase

cant increaset (test:r stat= 6.7; ¢ critical = 1.7; p value (r test:r stat= 13.1;7 critical = 2; p value= 2.6 x 10°°; «

= 9.3x10°8 « =0.05) in ferns, namely Schizaeaceae = 0.05) inPinusspp.,Alnusand mesothermal elements such

(cf. Anemiaand/orLygodium climbing fern) and Polypo- as Taxodiaceae—Cupressaceae Rladlycarya indicates the

diaceae (epiphytes), while palms/cycaimgelhardia and  development of moderately diverse mixed conifer—broadleaf

Icacinaceae are still represented. An abundance of ferngegetation, potentially pointing to the recovery phase of

is generally associated with tropical to warm temperatethe PETM. However, the presence of rare mesothermal—

wet climates, with the diversification of epiphytic ferns in megathermal elements (e.g., palms/cycaagelhardig and

the latest Paleocene—Eocene being associated with extrenteacinaceae) indicates the persistence of a relatively warm

warmth and the expansion of the topical forest biome toclimate.

more mid-high latitudes (Schuttpelz and Pryer, 2009; Hard-

ing et al., 2011). Within the CIE initiation intervalypha 3.3 Quantitative paleoclimate analysis

spp./Sparganiaceae become a significanteét: ¢ stat = ) . ) .
2.3:1 critical = 2.1; p value= 0.03;« = 0.05) component We applied nearest living relative analysis on the spore

of the palynofioral assemblages, indicating an increase iff"d Pollen assemblages using both bioclimatic analysis and

the wetland component, represented by the development df'€ Mutual Climate Range (MCR) technique to reconstruct

rush/reed marshes in the coastal regions. This is consisteMAT, CMMT and WMMT. However, we only present the

with the development of extensive wetlands in the North Ses£Stimates from MCR as these data show the clearest trends

region, and also the eastern US gulf coast during the CIE in{Fig- 4). We assume that the ecological and climatic prefer-

terval (Harrington, 2008). ences of the fo_sgl spore and pollen assemblages are similar
The interval between 2225 and 2215 mbsf shows greatef® their extant living refatives.

variability in thes13Croc signal, and is dominated Wyarya

spp., indicative of broadleaf forests and woodland communi-

ties. Palms/cycads are not present in this interval, which may
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3.3.1 Temperature reconstructions seen regionally in the Cobham lignite of southern England
(Collinson et al., 2009) and Vasterival in northwest France
o ) (Storme et al., 2012; Garel et al., 2013; Fig. 1), and also in
Our data indicate that the late Paleocene climate was genefne North American interior (Secord et al., 2010; Kraus et
ally warm, with MAT ~ 15°C, CMMT ~8°C and WMMT 5 ' 2013; Wing and Currano, 2013). Our estimates of MAT
~22.5°C, respectively (Fig. 4c—e). Our data indicate, that oy the |atest Paleocene are generally consistent with those
for the latest Paleocene, just prior to the CIE initiation, MAT agtimates from leaf physiognomy from macroflora from the
is estimated at 16-I'C, indicating a 1-2C warming. Az Bighorn Basin, which show an increase from 12.9.4°C
test confirms that this warming prior to the CIE is significant 1 gyer 15+ 2.4°C (Wing and Harrington, 2002; Wing et
(t stat= 4.5;1 critical = 3.1; p value= 0.02;¢ = 0.05). In 4 2005). Furthermore, the pre-CIE warming we detect in
addition our estimates of WMMT, which are25°C, also  poth MAT and WMMT estimates from the North Sea may
represent a 2C warming prior to the CIE«(test:7 stat= match with that seen in the Bighorn Basin (Secord et al.,
3.5, 1 critical = 2.7; p value= 0.02;a = 0.05). Our esti-  2010; Kraus et al., 2013), supporting warmer annual and in
mates of CMMT are~ 9°C, indicating no significant change particular warmer summer temperatures immediately prior to
in CMMT prior to the CIE ¢ test:r stat= 0.8;¢ critical = 2.8; the CIE.
p value= 0.4;« =0.05); however, one sample (2266.7mbsf)  Fqr the PETM interval itself, our estimates are generally
provides an estimate of 11.2C possibly reflecting greater somewnhat lower than those recorded elsewhere, which es-
variability leading up to the CIE. Our temperature estimatesiimate MAT between 20 and 2& based on oxygen iso-
for MAT and WMMT remain elevated throughout the CIE, {gpes of biogenic phosphate (Fricke et al., 1998), tooth
while CMMT significantly increases (test: 7 stat= 3.9;  epnamel (Koch et al., 2003; Secord et al., 2010), soil nod-
¢ critical = 2.0; p value= 0.0002« = 0.05) to an average of jes (Bowen et al., 2001); soil-derived bacterial membrane
10.2°C during the CIE interval. Our data indicate that both lipids (Weijers et al., 2007), and leaf margin analyses (Wing
CMMT and WMMT recover to pre-PETM values between gt 5. 2005). This partly reflects the variable geographic loca-
2218.1 and 2216.6 mbsf. tions of the selected records. However, these other records of
Comparison of our climate estimates for the PaleoceneaT more closely resemble our WMMT estimates, though

Eocene boundary with other European records shows a cofpaf physiognomy has been shown to yield cooler estimates
responding shift to warmer summers during the CIE as
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than NLR-based approaches for the same fossil assemblage Conclusions

(Greenwood and Wing, 1995; Greenwood et al., 2005). The

variation between our MAT estimate and those derived from

oxygen isotope ratios of carbonate and phosphate compddur data indicate that there was a significant shift towards
nents (tooth enamel; biogenic phosphate) could be due ta seasonally warmer climate immediately prior to and dur-
seasonal bias in the oxygen isotope ratio of ingested waing the Paleocene—Eocene CIE. This climate shift is reflected
ter, while soil-derived bacterial membrane lipids could bein particular by (1) reductions in boreal conifers such as
biased towards summer values at high latitudes (WeijerdPinaceae and (2) increase in mesothermal to megathermal

etal., 2007). taxa including palms/cycadgngelhardia and Icacinaceae
o _ (lodestype). The change in vegetation we report occurs prior
3.3.2  Precipitation reconstructions to the CIE, being concomitant with the onset of #gecto-

diniumacme prior to the CIE in well 22/11-N1, representing

We have also calculated precipitation estimates across thg o aarliest sign of anomalous PETM-related environmen-
PETM of the North Sea, including MAP, and seasonal pre-i5| change also at other North Sea sites (Sluijs et al., 2007;

cipitation estimates including CMMP and WlMMP (Fig. 5). Kender et al., 2012). Our seasonal temperature and precipita-
Estimates of MAP are high>(1200mmyr=); although  jon estimates provide the first quantification of warmer and

there_ are large uncerta_inties in this estimate _(Fig. 5¢), theYyatter summers prior to the CIE in Europe, being compara-
are similar to those estimated using leaf physiognomy fromy|q 14 those seen in some other records from Europe, i.e., a
macroflora from Wyoming, United States (Wing etal., 2005), ghit to warmer and wetter summers prior to and during the

and late Paleocene to early Eocene estimates from Ellesmeygg (Collinson et al., 2009; Storme et al., 2012; Kender et
Island in the Arctic (Greenwood et al., 2010). However, we 5, 2012 Garel et al. 2013’)_ ’ ’

do not see in our record a significant change in MARe6L: Within the CIE, there is significant re-organization of the
t stat= 0.8; 7 critical = 2.1; p value = 0.4; ¢ = 0.05),  \ggetation with initial increases in epiphytic and climbing
suggesting continued high precipitation and increased suMgg s (polypodiaceae and Schizaeaceae), and development of
mer temperatures during the_PETM, or |nsen§|t|V|ty USINng extensive wetlands, followed by abundanc€afyaspp., in-
our methodology to changes in MAP over the interval. OUr gicative of broadleaf forests. Our precipitation estimates, al-
estimates, however, are consistent with other evidence fof,q,,4h having large uncertainties, provide the first direct ev-
high precipitation and continental runoff during the PETM iqence for seasonally wetter summers briefly prior to the CIE
(Schmitz and Pujalte, 2008; Sluijs et al., 2008). _ and more persistently during the main CIE itself. These shifts
Despite the relatively large range in precipitation esti- y, \yetter summers correspond with periods on enhanced con-
mates, our seasonal precipitation record using WMMP andjnental runoff as expressed by the abundance of freshwa-
CMMP (Fig. 5d—e) does provide additional insights into the 1o jngicators such as the algBediastrumand the dinocyst
climate of PETM interval. In particular, our WMMP esti- 4y onBosediniaand are consistent with enhanced hydrolog-
mates (Fig. 5e) show a brief shift to wetter conditions pre-ical cycling prior to and during the PETM interval.
CIE,_which, although uncertainties are large, coincide; With  The marked increase in WMMT and WMMP (i.e., sum-
the first common appearance of the freshwater aR@li- e temperatures and precipitation) puts a new perspec-
astrum Our estimates also show a second more significanfjye on environmental precursors to the injection of carbon
shift (v test:z stat= 3.9;z critical = 2; p value= 0.000Z¢ 4 ring the PETM. Previous studies found anomalous biotic
= 0.05) to higher summer precipitation (WMMP140mm)  change and at least regional warming to lead the CIE by
late in the CIE initiation and into the CIE body. This latter thousands of years (Thomas et al., 2002; Sluijs et al., 2007;
shiftin WMMP corresponds with an abundance of the fresh-ge o et al., 2011). This suggested that early warming could
water peridinioid dinocyst taxoBosedinia(Prauss, 2012) haye caused destabilization of submarine methane hydrates
indicating enhanced continental runoff and salinity stratifi- ;; .5,se injection of3C-depleted carbon into the global ex-

cation in the central North Sea basin at this time associateg)gemC carbon pool. Recent experiments with a fully coupled

with the higher summer precipitation. Our seasonal temperym,sphere—ocean climate general circulation model (GCM)
ature and precipitation estimates provide the first quantifi-

X , ""supported this scenario (Lunt et al., 2011). In this model,
cation of warmer and wetter summers prior 0 the CIE in gnhanced seasonal contrasts through Milankovitch forcing

Europe as pr.eviously.inferred by charcoal distribution in the(Lourens et al., 2005), combined with a gradually warm-
Cobham lignite (Collinson et al., 2009) and more recentlyjng |ate Paleocene to early Eocene, forced a non-linear re-
from §1°N (Storme et al., 2012)-alkanedD isotopes (Garel  gnonse in ocean circulation to warm intermediate waters.
etal., 2913) from Vasterival, northwest France, and increaseg,ig mechanism, which explains not only the PETM but
terrestrial and freshwater palynomorphs from a nearby corey|gq the smaller early Eocene events, should have caused hy-
in the North Sea (Kender et al., 2012). drate dissociation if these were present in the early Paleogene
(Lunt et al., 2011). Our results show the occurrence of such
seasonal extremes just prior to the onset of the CIE and may
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thus represent the smoking gun of a climatologically forcedDeConto, R. M., Galeotti, S., Pangani, M., Tracy, D., Schaefer, K.,

threshold in the carbon cycle that caused the PETM. Tingjun, Z, Pollard, D., and Beerling, D. J.: Past extreme warm-
ing events linked to massive carbon release from thawing per-
mafrost, Nature, 484, 87-91, 2012.
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phy 23, 965-971, 1995.
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