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A B S T R A C T

The late Paleocene to early Eocene was marked by major changes in Earth surface temperature and carbon cycling.
This included at least two, and probably more, geologically brief (!200-k.yr.) intervals of extreme warming, the
Paleocene-Eocene thermal maximum (PETM) and the Eocene thermal maximum-2 (ETM-2). The long-term rise in
warmth and short-term “hyperthermal” events have been linked to massive injections of 13C-depleted carbon into
the ocean-atmosphere system and intense global climate change. However, the causes, environmental impact, and
relationships remain uncertain because detailed and coupled proxy records do not extend across the entire interval
of interest; we are still recognizing the exact character of the hyperthermals and developing models to explain their
occurrence. Here we present lithologic and carbon isotope records for a 200-m-thick sequence of latest Paleocene–
earliest Eocene upper slope limestone exposed along Mead Stream, New Zealand. New carbon isotope and lithologic
analyses combined with previous work on this expanded section shows that the PETM and ETM-2, the suspected
H-2, I-1, I-2, and K/X hyperthermals, and several other horizons are marked by pronounced negative carbon isotope
excursions and clay-rich horizons. Generally, the late Paleocene–early Eocene lithologic and d13C records at Mead
Stream are similar to records recovered from deep-sea sites, with an important exception: lows in d13C and carbonate
content consistently span intervals of relatively high sedimentation (terrigenous dilution) rather than intervals of
relatively low sedimentation (carbonate dissolution). These findings indicate that, over ∼6 m.yr., there was a series
of short-term climate perturbations, each characterized by massive input of carbon and greater continental weathering.
The suspected link involves global warming, elevated greenhouse-gas concentrations, and enhanced seasonal precip-
itation.

Online enhancements: appendix tables and figure.

Introduction

Earth’s surface, at least at high latitudes, warmed
by 5�–6�C from the late Paleocene at ca. 58 Ma to
the early Eocene climatic optimum (EECO) be-
tween ∼53 and 51 Ma (Zachos et al. 2008; Bijl et
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al. 2009; Westerhold et al. 2011). Superimposed on
this slow temperature rise were a series of geolog-
ically brief (!200-k.yr.) intervals of extreme warm-
ing coined “hyperthermals,” the most prominent
example being the Paleocene-Eocene thermal max-
imum (PETM; Thomas and Zachos 2000; Sluijs et
al. 2007; Zachos et al. 2008; McInerney and Wing
2011). The rapid temperature rises correspond

This content downloaded from 128.42.225.180 on Fri, 22 Jan 2016 20:09:23 UTC
All use subject to JSTOR Terms and Conditions

mailto:bss2@rice.edu
http://www.jstor.org/page/info/about/policies/terms.jsp


488 B . S . S L O T N I C K E T A L .

Figure 1. Earth at 53 Ma (http://www.odsn/de/services/paleomap.html) showing multiple locations where early
Eocene carbon isotope excursions (CIEs) have been documented in bulk carbonate. These locations include Mead
Stream (Hollis et al. 2005a; Nicolo et al. 2007), Ocean Drilling Program (ODP) sites 1262 and 1263 (Lourens et al.
2005; Zachos et al. 2005, 2010; Stap et al. 2009), ODP site 1215 (Leon-Rodriguez and Dickens 2010), Deep Sea Drilling
Program sites 550 and 577, ODP sites 690 and 1051 (Cramer et al. 2003), and the Contessa Road Section, Italy (Galeotti
et al. 2010). Numbers p stratigraphic thicknesses; inc. p incomplete CIE recovery; n.d. p no data.

closely to pronounced drops in the d13C of carbon-
bearing material from widespread locations (e.g.,
Cramer et al. 2003; Lourens et al. 2005, Nicolo et
al. 2007; Agnini et al. 2009; Leon-Rodriguez and
Dickens 2010; Stap et al. 2010; Zachos et al. 2010).
In turn, the negative carbon isotope excursions
(CIEs) coincide with intervals of carbonate disso-
lution in deep-sea sediment sections (Lourens et al.
2005; Zachos et al. 2005, 2010; Leon-Rodriguez and
Dickens 2010; Stap et al. 2010). The hyperthermals
were probably associated with major inputs of 13C-
depleted carbon to the ocean and atmosphere (Dick-
ens et al. 1997; Dickens 2011; and above refer-
ences). Redistribution of carbon between the ocean
and atmosphere, such as proposed for a subsequent
time interval (50.0–47.6 Ma) of the Eocene (Sexton
et al. 2011), seems unlikely given the timing and
magnitude of the CIEs and widespread carbonate
dissolution at bathyal and abyssal water depths.
However, the total number of hyperthermals, their
causes, their environmental consequences, and
their relationships to one another and to encom-
passing long-term global change remain uncertain.

Climate models predict a wide range of responses
to global warming and massive carbon input (Rand-

all et al. 2007; Meehl et al. 2007a, 2007b; Chris-
tensen et al. 2007). Some responses can vary sig-
nificantly, even antithetically, depending on
location. For example, several models regarding fu-
ture climate change show some regions becoming
drier and other regions becoming wetter (Held and
Soden 2006; Meehl et al. 2007a, 2007b). This aspect
of global climate change is particularly relevant to
the late Paleocene–early Eocene hyperthermals, be-
cause different places might record distinct and
sometimes opposing systemic expressions of global
warmth or carbon injection. A more complete pic-
ture of early Paleogene climate and carbon cycling
requires high-resolution, time-correlative, and
well-resolved records from multiple locations and
environments across Earth.

Ocean Drilling Program (ODP) site 1262 was
drilled at 4759 m water depth on Walvis Ridge, in
the south-central Atlantic Ocean (fig. 1). Cores re-
covered from this site provide a nearly continuous
sequence of sediment accumulation from the
Maastrichtian through the late Early Eocene (Za-
chos et al. 2004). For the interval deposited between
58 and 51 Ma, orbitally tuned records of physical
properties, stable isotope compositions, and ele-
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ment contents have now been generated (Zachos
et al. 2004; Lourens et al. 2005; Westerhold et al.
2009; Zachos et al. 2010). These records (fig. 2),
with millennial-scale resolution, display paleo-
ceanographic changes during the latest Paleocene
and early Eocene in unprecedented detail. Between
∼58 and ∼53 Ma, there were at least five significant
events, each marked by a decrease in d18O, a neg-
ative CIE, and an increase in Fe content and mag-
netic susceptibility (MS). The drops in d18O and d13C
likely represent ocean warming and inputs of 13C-
depleted carbon; the highs in Fe content and MS
likely represent lows in carbonate content resulting
from decreased carbonate ion concentration in sea-
water and seafloor carbonate dissolution (Zachos et
al. 2005, 2009; Zachos et al. 2010). Moreover, it
appears the hyperthermals correspond with 400 and
100 k.yr. eccentricity maxima and sometimes oc-
cur in pairs (Lourens et al. 2005; Nicolo et al. 2007;
Zachos et al. 2010), although debate exists over
which eccentricity maximum corresponds to the
PETM (Westerhold and Rohl 2009; Hilgen et al.
2010). The five events are tentatively termed, in
upward stratigraphic order, PETM, ETM-2/H-1, H-
2, I-1, and I-2 (Cramer et al. 2003). Notably, sedi-
ment deposited between ∼53 and ∼51 Ma at site
1262 (approximately the EECO) lacks published
stable isotope records. However, MS highs (Zachos
et al. 2004) and unpublished isotope records (Röhl
et al. 2005) suggest additional dissolution horizons
and possible carbon injection events (fig. 2). The
most pronounced event within this later time in-
terval has been coined the “K” or “X” event
(Cramer et al. 2003; Röhl et al. 2005; Agnini et al.
2009).

Mead Stream, New Zealand (fig. 1), has exposed
a ∼650-m-thick near-continuous upper Creta-
ceous–middle Eocene sequence (Strong et al. 1995;
Hollis et al. 2005a). Previous work at this location
and at nearby Dee Stream (Hancock et al. 2003;
Nicolo et al. 2007) has documented five negative
CIEs associated with clay-rich horizons (marls)
across a ∼50-m interval that accumulated between
∼56 and ∼53 Ma (figs. 2, 3). These five horizons
correlate to five negative CIEs found in multiple
deep-sea records (Cramer et al. 2003), including the
well-resolved, continuous sequence at site 1262;
they represent the PETM, ETM-2/H-1, H-2, I-1, and
I-2 hyperthermals (Nicolo et al. 2007). Unlike at
site 1262, however, the clay-rich horizons resulted
from enhanced terrigenous supply (dilution) rather
than diminished carbonate accumulation (disso-
lution) (Nicolo et al. 2007).

The primary objective of this study is to deter-
mine whether the previously identified relation-

ships between global carbon isotopes and local lith-
ologic variations extend upward into the EECO. We
note that the EECO, the warmest million-year in-
terval of the Cenozoic, lacks a formal definition in
terms of absolute age and duration; it broadly cor-
responds to a 1- to 2-m.yr. interval between about
53 and 51 Ma. So, do long-term trends and high-
resolution variations in carbon isotopes and li-
thology at Mead Stream continue through strata
deposited between 53 and 51 Ma? Does the appar-
ent relationship between carbonate dissolution in
the deep-sea and terrigenous dilution on the upper
slope hold for the entire time interval between 58
and 51 Ma? What might this imply from an Earth
system perspective? Here we address these ques-
tions by extending existing lithostratigraphic and
chemostratigraphic records at Mead Stream
through much of the EECO.

Mead Stream. Location and Section. Amuri
Limestone is a succession of calcareous marine sed-
imentary rocks that outcrop in numerous and wide-
spread locations throughout northeast South Is-
land, New Zealand (e.g., Reay 1993). In eastern
Marlborough, Amuri Limestone is a formation
within the Muzzle Group (Reay 1993; Hollis et al.
2005a) and consists of four main units or lithotypes:
Lower Limestone, Lower Marl, Upper Limestone,
and Upper Marl (fig. 2). Each lithotype comprises
well-defined decimeter- to meter-scale beds of
limestone, marl, or limestone/marl alterations,
with greater proportions of marl in both marl units
and frequent ribbon cherts within Lower Lime-
stone. The sequence originally accumulated on the
upper continental slope of a passive margin at ∼55�–
50�S latitude during the late Paleocene through the
late Eocene (Reay 1993; Strong et al. 1995; Hollis
et al. 2005a). This slope was northwest-facing and
formed the southeastern margin of a large reentrant
on the otherwise north-facing continental margin
of proto-New Zealand; regions east of this reentrant
were isolated from coarser terrigenous clastic sed-
iment that was deposited further to the west during
the Paleocene and Eocene (Crampton et al. 2003).
Subsequently, rocks of Amuri Limestone were up-
lifted, faulted apart, and, in most places, rotated
about vertical axes so that beds have high dip angles
(Reay 1993; Strong et al. 1995; Crampton et al.
2003; Hollis et al. 2005a).

A succession of streams in northeast Clarence
River Valley cut Amuri Limestone approximately
perpendicular to strike (Reay 1993). At Mead
Stream, a narrow and deep gorge exposes ∼390 m
of Amuri Limestone. The beds have a ∼50� north-
west dip and excellent outcrop. A series of studies
(Strong et al. 1995; Hollis et al. 2005a; Nicolo et
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Figure 2. Lower Paleogene sequences at Ocean Drilling Program (ODP) site 1262 and at Mead Stream. Bulk carbonate
d13C data for ODP site 1262 are from Zachos et al. (2010). Formation names, lithology, and biostratigraphy for Mead
Stream are from Hollis et al. (2005a) with minor biostratigraphic modification. Bulk carbonate d13C data for Mead
Stream represent predominantly new samples (i.e., blue circles mark new samples analyzed in this study, whereas
black circles mark samples analyzed in previous studies). Also included are bulk carbonate d13C records for DSDP
site 577 (gray: Shackleton et al. 1985; black: Cramer et al. 2003). The tie-points between site 1262 and Mead Stream
are based mostly on the d13C records. However, some first and last occurrences (FOs and LOs) of foraminiferal and
nannofossil bio-datums exist at the two locations (Zachos et al. 2004; Hollis et al. 2005a; Agnini et al. 2007) and
provide additional chronostratigraphic constraints (dotted lines). These are: 1 p Discoaster multiradiatus FO; 2 p
Tribrachiatus orthostylus FO; 3 p Discoaster lodoensis FO; 4 p Morozovella aequa LO, and 5 p T. orthostylus LO.
Height at Mead Stream is relative to a zero datum at the Cretaceous-Tertiary boundary. Height at sites 1262 and 577
is relative to a zero datum at the Paleocene-Eocene thermal maximum onset. Tan intervals represent individual carbon
isotope excursions.

al. 2007) have provided a good stratigraphic frame-
work for this section, with a zero datum set at the
K/T boundary. Lower Limestone spans from 116 to
204 m and includes the PETM, H, and I events; it
is conformably overlain by Lower Marl, which
spans from 204 to 320 m. Collectively, the two
units encompass deposition on a southern middle
latitude upper slope from the late Paleocene
through the early Eocene (Strong et al. 1995).

Hyperthermals and Marl Horizons. Lower Lime-
stone at Mead Stream has numerous thin (!5 cm)
marls between limestone beds. Across five or six
intervals, overall clay content increases so that the
marl beds thicken and the limestone beds become
more marly, resulting in relatively thick (110 cm)
marl-dominated intervals (Hollis et al. 2005a; Ni-
colo et al. 2007). Based on microfossil datums and
carbon isotope stratigraphy, four of these intervals
correlate to hyperthermal events documented else-
where (figs. 1, 2): the PETM (157.3 m), ETM2/H-1
(182.3 m), H-2 (185.7 m), and I-1 (193.4 m). A fifth
interval, representing the I-2 event, is believed to
occur at 197–198 m, but has not been sampled be-
cause this portion of the section is overgrown by
vegetation. A sixth interval, at about 138 m and
below the PETM, was correlated tentatively to ei-
ther the “B1-B2” or “C1-C2” event (Hollis et al.
2005a) found in several deep-sea locations (Cramer
et al. 2003). Consistent with other records, the most
prominent negative CIE (∼2.5‰) represents the
PETM (Hancock et al. 2003; Hollis et al. 2005a).
Also consistent with records from other localities
(Cramer et al. 2003; Stap et al. 2009; Zachos et al.
2010), the H events and I events (the latter based
on work at nearby Dee Stream) manifest as pairs
of CIEs with diminishing magnitude and probably
separated by about 100 k.yr. (Nicolo et al. 2007).

Increased accumulation of terrigenous material
characterizes the PETM in several sequences from
continental margin settings (Schmitz et al. 2001;

Crouch et al. 2003; Giusberti et al. 2007; John et
al. 2008; Galeotti et al. 2010; Höntzsch et al. 2011)
and high latitudes (Sluijs et al. 2008). This also ap-
pears to be the case at Mead Stream (Nicolo et al.
2007), and can be ascertained from straightforward
sedimentation rate calculations. The negative CIE
associated with the PETM (from onset through par-
tial recovery) occurred within 120–220 k.yr. (West-
erhold et al. 2009; Murphy et al. 2010) and is ∼5 m
thick at Mead Stream. This gives a compacted sed-
imentation rate across the event of 2.3–4.2 cm/k.yr.
The ETM2/H-1 event occurred ∼1.8 Myr after the
PETM (Westerhold et al. 2009) and is approxi-
mately 24.5 m upsection. This gives a “back-
ground” compacted sedimentation rate between
the events of ∼1.2 cm/k.yr. Increased accumulation
of terrigenous material occurred across each of the
five hyperthermals identified at Mead Stream to
date (fig. 3). By contrast, the same events at site
1262, and at other open ocean locations such as site
1215, are marked by lower sediment accumulation
compared to background rates and obvious signs of
carbonate dissolution (Zachos et al. 2005; Leon-
Rodriguez and Dickens 2010; Stap et al. 2010).
Thus, with available data, there is an “accordion”
effect between the records at site 1262 and at Mead
Stream. The long-term sedimentation rate trends
from 56 to 52 Ma were similar at both sites (the
distance between the PETM and ETM-2/H-1 is 22.5
m at ODP site 1262). However, the hyperthermals
are compressed at site 1262 but expanded at Mead
Stream (Nicolo et al. 2007).

The EECO is fairly condensed at site 1262 (∼8 m
thick from ∼110–102 mcd), as would be predicted
if the series of MS peaks at this location (figs. 3,
A1, available in the online edition or from the Jour-
nal of Geology office) represent multiple carbonate
dissolution horizons. This leads to an interesting
and testable hypothesis for the Mead Stream sec-
tion: Lower Marl represents a greatly expanded
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Figure 3. Late Paleocene to early Eocene records at site 1262 (Zachos et al. 2004, 2010) and at Mead Stream, with
likely correlations to carbon isotope excursions (CIEs) documented by Cramer et al. (2003). The age model generated
for this study is consistent with available age datums (e.g., site 1262, top of C23n p 50.78 Ma, X-event p �3 m.yr.
from Paleocene-Eocene thermal maximum onset; Zachos et al. 2004; Agnini et al. 2007). Compacted linear sedi-
mentation rates (LSRs) are also included for both site 1262 and Mead Stream (see text). Note that condensed sections
at Ocean Drilling Program site 1262 correspond to expanded sections at Mead Stream, particularly across each
hyperthermal.

EECO interval caused by numerous episodes of ex-
cess terrigenous supply related to warmer condi-
tions. That is, throughout the early Paleogene,
there are coeval condensed sections in open-ocean
settings (e.g., at site 1262) and expanded sections
in certain continental margin settings (e.g., at Mead
Stream).

Methods

Stratigraphic Log and Samples. Lower Limestone
at Mead Stream has been logged in detail, generally
at the centimeter scale (Hollis et al. 2005a; Nicolo
et al. 2007). We have continued such logging
through Lower Marl until ∼285 m above the K/T
boundary. Deformation (e.g., boudinage, shear,
faults, and isoclinal folds) complicates logging
above this level, although good stratigraphic sec-
tions do exist further upstream, as well as along
other streams in Clarence River Valley (Reay 1993;
Hollis et al. 2005b).

Lower Marl is well bedded (fig. 4A). Bed packages
were numbered, and individual beds were described
as one of four lithologies: limestone, siliceous lime-
stone, marl, or marly limestone (figs. 3, 5). A total
of 283 new rock samples (table A1, available in the
online edition or from the Journal of Geology office)
were chiseled from outcrops (typically one per bed).
Most came from Lower Marl between 205 and 265
m. The other samples were collected to fill gaps in
existing records across middle and upper portions
of Lower Limestone.

Analyses. Weathering rinds were removed from
samples using a rock saw. The remaining material
was then powdered and homogenized in a tungsten
carbide rock mill and freeze-dried. Splits of samples
then were analyzed for CaCO3 content and stable
isotopes. For the first measurement, we used the
“carbonate bomb” technique (Dunn 1980), which
has a better than 1.5% analytical precision (table
A1). Stable isotopes were determined at the Stable
Isotope Laboratory, University of California, Santa
Cruz. Between 50 and 100 mg of powder were an-
alyzed using an Autocarb device coupled to a Kiel
IV carbonate device and/or Prism or Optima mass

spectrometer. Carbon isotope values were cali-
brated to the Vienna PeeDee belemnite standard
using NBS-18, NBS-19, and an in-house standard
Carrara marble (table A1). Analytical precision for
the Kiel IV carbonate device is better than
�0.025‰, and analytical precision for the Prism or
Optima mass spectrometer is better than �0.05‰.
Stable oxygen isotope values were measured to a
precision of �0.1‰, but all samples are signifi-
cantly depleted in 18O (average of �3.5‰). This sug-
gests oxygen isotope exchange with meteoric wa-
ter, so these analyses are not discussed further.

Results

Bedding. Lower Limestone is composed of cen-
timeter- to decimeter-scale beds dominated by rib-
bon chert between 116 and 120 m and by limestone
between 120 and 166 m. Ribbon chert beds then
reappear for ∼9 m between 166 and 175 m, or just
above the PETM. Typically, the beds within Lower
Limestone are separated by marl partings or thin
(!5 cm) marl horizons. However, six horizons with
multiple marl beds, including the PETM (fig. 4B),
occur within this unit (Hollis et al. 2005a; Nicolo
et al. 2007).

Starting at the base of Lower Marl and continuing
through this unit, marl beds become thicker and
more common. The marl beds range from 7 to 76
cm thick, with an average thickness of cm30 � 17
at 1j. Lower Marl thus differs from Lower Lime-
stone because marl beds comprise ∼50% of the out-
crop (figs. 5, 6) and because there are no ribbon
cherts.

Carbonate Content. Carbonate contents range be-
tween 36% and 91% with a mean of 73% and a
standard deviation (1j) of 9.3% across all early Pa-
leogene samples examined to date at Mead Stream
(table A1; fig. 2). Partitioned by lithology, the
means and deviations of CaCO3 contents are

( ), ( ), and64% � 7.2% n p 98 69% � 7.0% n p 24
( ) for marl, marly limestone,76% � 10.2% n p 389

and limestone, respectively. Carbonate content is
generally higher and less variable in samples span-
ning Lower Marl ( ; ) compared75% � 8.1% n p 266
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Figure 4. Photographs at Mead Stream showing (A) the
K/X event within Lower Marl (note that this is not the
full extent of Lower Marl) and (B) the Paleocene-Eocene
thermal maximum (PETM) within Lower Limestone.

to those spanning Lower Limestone (71% �
; ). This reflects two aspects of the10.3% n p 280

current data set. Sampling of Lower Limestone fo-
cused on identification of hyperthermal events and
includes detailed (cm-scale) sampling across these
clay-rich intervals; this sampling also contains rib-
bon cherts, where the presence of siliceous material
lowers carbonate content (Hollis et al. 2005a; Ni-
colo et al. 2007, 2010). Once these considerations
are accounted for, the variability in carbonate con-
tent across moderately short thicknesses is greater

in Lower Marl due to the higher frequency of marl
beds (figs. 5, 6). Lastly, a general low in carbonate
content occurs within Lower Marl from about 221
to 224 m (fig. 5A).

Carbon Isotopes. Bulk carbonate d13C varies be-
tween 3.35‰ and 0.40‰ across the studied interval
(fig. 2). The most enriched d13C values (2.59‰–
3.31‰) occur within the basal part of the record
(from 132.4 to 151.8 m). By contrast, the most de-
pleted d13C values are typically in the middle to
upper part of the record (205 to 255 m). Values be-
come more depleted from 150 to 222 m and gen-
erally become more enriched above 222 m. Super-
imposed on these long-term trends are multiple
negative CIEs, defined as significant drops in d13C
across short intervals (!5 m). The lowest d13C val-
ues of ∼0.40‰ represent the most extreme CIEs.

The five or six obvious marl-rich horizons within
Lower Limestone (figs. 2, 3), are each associated
with a significant CIE (Hollis et al. 2005a; Nicolo
et al. 2007). Additionally, a series of at least ten
CIEs characterize the lower part of Lower Marl,
between 205 and 261 m (table A2, available in the
online edition or from the Journal of Geology office;
figs. 2, 3, A1). The magnitudes of these excursions
within Lower Marl reach up to 0.6‰. Of these, the
most pronounced coincides with the prominent re-
cessed marl-rich horizon centered at 222.4 m (figs.
4A, 5A). However, the other CIEs within Lower
Marl also correspond to marl-rich intervals of lower
CaCO3 content. Importantly, however, the d13C
does not depend on rock type at the decimeter-scale
(figs. 5, 6); that is, the d13C records are “smooth”
across obvious changes in lithology. This strongly
suggests that the d13C trends reflect primary signals
in carbonate, even though the carbonate content
can vary considerably.

Discussion

Age and Correlation of the Mead Stream Section.
An initial age model for the studied interval at
Mead Stream can be derived using available fora-
minifera, radiolarian, and nannofossil datums
(Strong et al. 1995; Hollis et al. 2005a). However,
many key species have patchy occurrences, which
reflects a combination of poor preservation and dif-
ficulties recovering microfossils from these indu-
rated rocks. Some first and last occurrences (FOs,
LOs) also may be diachronous with those at sites
from lower latitudes, which underpin standard bio-
zones for the Early Paleogene (e.g., Berggren et al.
1995).

Four nannofossil events (Agnini et al. 2007) and
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one foraminiferal event (Zachos et al. 2004) provide
a first-order stratigraphic correlation between Mead
Stream and site 1262. The first occurrence of Dis-
coaster multiradiatus (base of nannofossil zone
NP9a) occurs between 125.0 and 136.5 m at Mead
Stream and between 154.61 and 155.66 mcd at site
1262. The FO of Tribrachiatus orthostylus (approx-
imate base of NP11) occurs between 176.0 and
180.0 m at Mead Stream and between 118.3 and
119.5 mcd at site 1262. The FO of Discoaster lo-
doensis (base of NP12) occurs between 195.0 and
252.0 m at Mead Stream and between 113.5 and
117.3 mcd at site 1262. The last occurrence (LO)
of Tribrachiatus orthostylus (base of NP13) occurs
at or above 252 m at Mead Stream and between
96.9 – 97.9 mcd at site 1262. The LO of Morozovella
aequa occurs between 251.4 and 257.0 m at Mead
Stream and between 105.0 and 111.4 mcd at site
1262. Based on these biostratigraphic datums, the
section from 125.0–136.5 to 251.4–257.0 m at Mead
Stream (figs. 2, 3) correlates to the section from
154.6–155.7 to 105.0–111.4 mcd at site 1262 (note
the height axis at Mead Stream has opposite strat-
igraphic direction from the depth axis at site 1262).
These datums provide a general chronostrati-
graphic framework for correlation of carbon isotope
records.

Bulk carbonate carbon isotope records can be
used to align widely separated marine sediment
sections deposited during the early Paleogene (e.g.,
Shackleton and Hall 1984, 1990). The underlying
rationale is that carbon cycles relatively fast (!2000
years) within the exogenic carbon cycle and that
the early Paleogene exogenic carbon cycle was
characterized by large-amplitude variations in car-
bon inputs and outputs of different d13C. With a
basic biostratigraphic template, carbon isotope
stratigraphy provides a robust basis for aligning
early Paleogene sediment records at Mead Stream
and at site 1262 (table A3, available in the online
edition or from the Journal of Geology office; figs.
2, 3). Presently, the sections at Mead Stream and
at site 1262 cannot be correlated via carbon isotope
stratigraphy for sediment younger than 52.6 Ma,
because the isotope record for this interval at site
1262 has yet to be completed. However, the general
trends in d13C at Mead Stream can be correlated to
those at site 577 in the North Pacific (Shackleton
et al. 1985; Cramer et al. 2003; fig. 2). The broad
correlation of records at the two sites leads to im-
portant notions concerning carbon cycling and
CIEs during the early Paleogene.

Carbon Isotope Excursions. Between 56.5 and 52.5
Ma, a long-term drop in d13C marks carbonate re-
cords at Mead Stream on the upper continental

slope and at multiple sites in the deep ocean. Be-
tween 52.5 and 51.3 Ma, a long-term rise in d13C
marks these same records. Superimposed on both
intervals are a series of geologically brief (!200
k.yr.) negative CIEs. The most prominent examples
are the PETM (fig. 4B) and ETM-2/H-1, but there
are at least six and probably more short excursions,
each characterized by a CIE with a magnitude up
to 0.6‰ (figs. 3, A1).

Beyond five CIEs within the ∼56 to 53 Ma old
Lower Limestone (Hollis et al. 2005a; Nicolo et al.
2007), four CIEs documented elsewhere occur at
Mead Stream (figs. 3, A1). About 20 m below the
PETM, at ∼136.5–138.0 m and ∼56.7 Ma, a marl-
rich horizon (“Mudstone C”) has low carbonate
contents and a 0.5‰ CIE (Hollis et al. 2005a). This
mudstone probably corresponds to either the B or
C CIE (Cramer et al. 2003). However, we cannot
deduce which one with available information. At
the transition from Lower Limestone to Lower
Marl (∼207 m and ∼52.9 Ma), there is a �0.3‰
“step” in d13C values. This very likely corresponds
to the J CIE (Cramer et al. 2003; Zachos et al. 2010).
The prominent recessed marl within Lower Marl
(∼222 m and ∼52.5 Ma) almost assuredly correlates
with the K CIE (Cramer et al. 2003; Agnini et al.
2009) and X horizon at site 1262 (Röhl et al. 2005;
figs. 3–5). This is because it marks the extreme low
in Paleogene d13C records, as observed elsewhere
(Cramer et al. 2003; Röhl et al. 2005; Agnini et al.
2009). One of two additional CIEs with magnitudes
of �0.3‰ and �0.2‰ that occur between 235 and
243 m or 52.1 and 51.9 Ma may also correlate to
the L CIE (Cramer et al. 2003).

The J CIE initiates a general long-term d13C low
at site 1262 (Zachos et al. 2010) and at Mead
Stream. This roughly corresponds to the start of the
EECO as shown in global compilations of oxygen
and carbon isotopes (e.g., Zachos et al. 2001). As
such, the J CIE might provide a good chronostrati-
graphic marker for the onset of the EECO. How-
ever, without invoking circular reasoning for links
between Earth surface temperature and siliciclastic
inputs (below), we hesitate to define the start of
EECO with records from Mead Stream.

The K/X event seems to represent a prominent
early Paleogene hyperthermal within the longer du-
ration of the EECO, although this inference re-
mains unclear with current records at Mead Stream
and elsewhere, as well as with uncertain definitions
for “hyperthermal.” Irrespective, at Mead Stream,
the marl and CIE corresponding to the K/X event
is only the most prominent example within a ∼1.5-
m.yr. time window. A series of marl-rich horizons
with negative CIEs of magnitude 0.2‰–0.6‰ char-
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Figure 5. Photographs with accompanying records of lithology, carbonate content, and stable carbon isotopes across
two short intervals of Lower Marl at Mead Stream: (A) the K/X event and (B) a typical Lower Marl interval above K/X.

acterize this portion of the sedimentary record (ta-
ble A2, available in the online edition or from the
Journal of Geology office; figs. 2, 3, A1). Further-
more, changes in the d13C record at Mead Stream
appear to correlate with variations in the MS record
at site 1262 from about 56.7 to 51.3 Ma (figs. 3, A1).
We therefore propose, on the character and strati-
graphic positions of d13C changes at Mead Stream
and at site 1262, supplemented by MS variations
at site 1262, that there were at least four CIEs be-
tween J and K/X (52.8–52.3 Ma) and at least four
CIEs younger than K/X, one of the latter which
corresponds to the L event documented by Cramer
et al. (2003). Collectively, these CIEs broadly span
the loosely defined EECO and may have been over-
looked in many deep-sea sections given sampling
resolution and the overwhelming occurrence of
condensed sections in the deep-sea environment
over this time interval. In summary, the EECO at
Mead Stream appears to correspond to multiple
CIEs in short succession. Despite our new records,
the exact number of CIEs between 56.5 and 51.5
Ma, and their absolute ages remain uncertain with-
out firmer stratigraphy and without high-resolu-
tion d13C records at multiple sites throughout the
entire time interval.

Generic Cause of Marl-Rich Intervals at Mead
Stream. The general lithologic transition from
chert-bearing limestone to “pure” limestone
within Lower Limestone, and from “pure” lime-
stone to alternating marl-limestone beds across the
Lower Limestone and Lower Marl boundary
broadly coincides with the long-term warming be-
tween 58 and 51 Ma (Zachos et al. 2008; Bijl et al.
2009; Westerhold et al. 2011). The chert, deposited
originally as diatoms and radiolarians, is inferred
to reflect cooler water temperatures (Hollis 2002;
Hollis et al. 2003, 2005a), similar to the distribution
of pelagic sediments in the present-day high-lati-
tude oceans. This contrasts with the controls on
equatorial chert deposition, which appears to occur
during times of warming such as the EECO (Mut-
toni and Kent 2007). During the ∼7 m.yr. of warm-
ing, biogenic silica content decreased and lime-
stones became pure carbonate, sediment originally
deposited as calcareous nannofossils and forami-
nifera. The subsequent increase in clay content re-
flects greater input of terrigenous-sourced material
from enhanced seasonal precipitation, probably

combined with greater chemical weathering (Rob-
ert 2004).

For Amuri Limestone, marl-rich intervals cor-
respond to anomalously warm conditions (Hollis et
al. 2005a). They are rare in Lower Limestone, when
background conditions were cooler (Hollis et al.
2005a; figs. 2, 3). Indeed, in Lower Limestone, sig-
nificant marl units mark the known and suspected
hyperthermal events (Nicolo et al. 2007). However,
they become a major component of the lithology
during deposition of Lower Marl (fig. 5), which
roughly corresponds to the warmer background
conditions of the EECO.

The correlation of the early Paleogene section at
Mead Stream to that at site 1262 (Zachos et al.
2004, 2010) and other locations (Cramer et al. 2003)
allows comparison of sedimentation rates across
multiple sites (Nicolo et al. 2007). Throughout the
time interval of interest, average CaCO3 contents
can be estimated at site 1262 using published MS
data (Zachos et al. 2004). The basic idea here is that
a two-component sediment system (carbonate and
clay) characterizes the early Paleogene record at site
1262 and that MS relates directly to clay abun-
dance. Assuming clay accumulation at this open-
ocean site does not change much in time, the MS
records (and clay contents), along with biostrati-
graphic datums, therefore provide first-order esti-
mates on sedimentation rate (Lourens et al. 2005;
Nicolo et al. 2007; Stap et al. 2009). This approach
indicates that the ETM-2, H-2, I-1, and K/X events
began 1.8, 1.9, 2.2, and 3.0 m.yr. after the onset of
the PETM, respectively, in line with estimates
based on cyclostratigraphy (Agnini et al. 2007;
Westerhold and Röhl 2009). It also implies that
highs in MS (and lows in carbonate) across these
events at site 1262 represent lower carbonate ac-
cumulation (i.e., carbonate dissolution).

An interval of low carbonate content marks the
PETM in numerous marine sections. However, pre-
vious work suggests the origin of this interval dif-
fers: it generally relates to carbonate dissolution
and lower sedimentation rates in the deep ocean
(e.g., Lourens et al. 2005; Zachos et al. 2005; Leon-
Rodriguez and Dickens 2010; Stap et al. 2010; Za-
chos et al. 2010) and carbonate dilution and higher
sedimentation rates along continental margins
(Schmitz et al. 2001; Hollis et al. 2005a, 2005b;
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Figure 6. Stable carbon isotope compositions versus carbonate content for all data generated at Mead Stream to date.
Note that there is very little correlation ( ; ) across all samples but that different2y p �0.0008x � 1458.375 r p 0.0003
lithologies have different bulk d13C and CaCO3 contents. LL p Lower Limestone; LM p Lower Marl.

Giusberti et al. 2007; Nicolo et al. 2007; John et al.
2008) and at high latitudes (Sluijs et al. 2008).

Our sedimentation rate estimates indicate that
the same phenomenon occurs throughout much of
the EECO. That is, clay-rich horizons mark the J,
K/X, L, and other CIEs in multiple sections in dif-
ferent environments. At site 1262, and elsewhere
(e.g., site 1215), these represent condensed intervals
of time and carbonate dissolution (Stap et al. 2009;
Leon-Rodriguez and Dickens 2010). At Mead
Stream, they represent expanded intervals of time
and terrigenous dilution.

The difference in sedimentation between envi-
ronments can be demonstrated with comparisons
of thicknesses between and including horizons
with low carbonate content (fig. 1). For example,
applying such an approach shows different com-
pacted sedimentation rate “curves” at site 1262 and
Mead Stream (fig. 7). More specifically, compacted
sedimentation rates were similar between the PETM
and the ETM-2/H-1 onset (1.3 cm/k.yr. at site 1262;
1.2 cm/k.yr. Mead Stream), but substantially dif-

ferent during the PETM (0.4 cm/k.yr. at site 1262;
3.0 cm/k.yr. at Mead Stream), the ETM-2/H-1 (0.4
cm/k.yr. at site 1262; 7.9 cm/k.yr. at Mead Stream),
between the H-2 and K/X (0.8 cm/k.yr. at site 1262;
3.2 cm/k.yr. at Mead Stream), and during the K/X
event (0.4 cm/k.yr. at site 1262; 4.5 cm/k.yr. at
Mead Stream). The patterns observed by Nicolo et
al. (2007) extend across at least 6 m.yr. of the early
Paleogene.

Carbonate dissolution in the deep sea and terrig-
enous dilution along continental margins likely
characterizes the EECO (fig. 7), although this is
complicated. First, as noted previously, the EECO
lacks a formal definition for correlation purposes,
although it has been known for awhile that 1–2
m.yr. of the early Eocene were remarkably warm
across the globe, especially at high latitudes (Sluijs
et al. 2008; Zachos et al. 2008; McInerney and Wing
2011), including around New Zealand (Bijl et al.
2009; Hollis et al. 2009; Sluijs et al. 2011). Second,
the coupling between temperature and carbon cy-
cling is skewed in the time domain, such that the
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Figure 7. Radiolarian, foraminiferal, and nannofossil
biostratigraphic age datum comparison between site 1262
(Zachos et al. 2004; Agnini et al. 2007) and Mead Stream
(Hollis et al. 2005b). Ages and heights/depths are plotted
relative to the onset of the Paleocene-Eocene thermal max-
imum (PETM). Common biostratigraphic datums to both
sites are shown as large circles, while those found at only
one site are shown as small circles. Note the large differ-
ence in compacted linear sedimentation rates across the
PETM and throughout the Early Eocene climatic
optimum.

minimum in long-term d13C records (i.e., very likely
the K/X event) occurred near the initiation of
EECO. Nonetheless, the approximate time interval
of EECO at sites 1262 and 577 spans 10 and 4 m,
respectively. By contrast, at Mead Stream, this in-
terval spans at least 46 m (fig. 2), and the overall
compacted sedimentation rate (3.9 cm/k.yr.) is al-
most double that for sediment deposited between
57 and 53 Ma (2.0 cm/k.yr.), which includes ele-
vated sediment accumulation across the PETM, the
H and I events. Lower Marl at Mead Stream appears
to represent an expanded lithological expression of
EECO (fig. 2).

The thickness of marl-rich units at Mead Stream
does not scale directly with the size of correspond-
ing CIEs. In particular, the magnitudes of CIEs
(0.2‰–0.6‰) during EECO were less pronounced
than during the PETM (2.5‰) or ETM-2 (1.0‰), but
the marl units are more common during EECO.
There are two general possibilities involving
changes in “background” conditions. First, there
was an overall warming from ca. 58 to 51 Ma (Za-

chos et al. 2008; Bijl et al. 2009; Westerhold et al.
2011). Thus, if the supply of terrigenous sediment
relates to absolute temperature, the thicknesses of
marl units should increase up the section, as ob-
served. Second, there was an overall drop in d13C
from 58.0 to 52.5 Ma (Zachos et al. 2001, 2008,
2010; Cramer et al. 2009). This may represent a
long-term net transfer of 13C-depleted CO2 from a
“capacitor” to the exogenic carbon cycle (Dickens
2011). As a result, for a given environmental per-
turbation and short-term input of 13C-depleted CO2,
the magnitude of the CIE would have been damped
(Dickens 2011).

The local context is also worth considering. The
entire margin of New Zealand subsided and deep-
ened throughout the Paleogene, leading to wide-
spread carbonate deposition in the Eocene and Ol-
igocene (King et al. 1999). Across Clarence River
Valley sequences, thicknesses of all lithological
units generally increase with paleodepth (Reay
1993), being thickest near the depocenter as rep-
resented by the Mead Stream section. This is ex-
emplified by Dee Marl, the unit that marks the
PETM, which thins toward the paleo-coast, being
2.4 m at Mead Stream (Hollis et al. 2005a), 1.0 m
at Dee Stream (Hancock et al. 2003), and 0.8 m at
Muzzle Stream (Hollis et al. 2005b). Thus, a pro-
gressive increase in paleodepth over the 2–3 m.yr.
separating the PETM from the EECO may some-
how translate to increased rates of terrigenous de-
position on this margin. However, the thickness of
Dee Marl relative to the thickness of surrounding
Lower Limestone has an opposite relationship. The
1.0- and 0.8-m-thick intervals spanning the PETM
at Dee Stream and Muzzle Stream represent much
larger percentages of the total thickness of Lower
Limestone in these sections (Hancock et al. 2003;
Hollis et al. 2005b).

An Earth Systems Perspective. The general trends
in lithology and geochemistry at Mead Stream have
been shown to represent Amuri Limestone at mul-
tiple sites in northeastern South Island (Reay 1993;
Hancock et al. 2003; Hollis et al. 2005a, 2005b).
Thus, they likely reflect regional responses to past
changes in environmental conditions.

Regardless of source, rapid and massive injec-
tions of 13C-depleted CO2 should cause negative
CIEs and carbonate dissolution in deep-sea sedi-
ment, the latter expressed by rises in the lysocline
and calcite compensation depth (CCD; Dickens et
al. 1997; Zachos et al. 2005; Leon-Rodriguez and
Dickens 2010; Stap et al. 2010). The associated
abrupt warming might also give a predictable re-
sponse to sedimentation along continental mar-
gins. Climate model simulations (Murphy et al.
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2004; Held and Soden 2006; Meehl et al. 2007a,
2007b) and river discharge data (e.g., Peterson et al.
2002) consistently indicate that, in a warmer world,
the hydrological cycle accelerates, whereby the
atmosphere carries more water from low to high
latitudes. These models further suggest that pre-
cipitation becomes more seasonal. The overall
combination for many midlatitude regions, such as
the location of New Zealand through the Cenozoic,
is greater precipitation but over a shorter time of
the year (Meehl et al. 2007a, 2007b). This should
lead to decreased vegetation, intensified chemical
weathering, greater physical erosion, and enhanced
discharge of terrigenous material from rivers to
continental margins (Ludwig and Probst 1998;
Schmitz and Pujalte 2003; Meehl et al. 2007a,
2007b; Schmitz and Pujalte 2007).

The remarkable correlation of late Paleocene–
early Eocene CIEs and clay-rich units at site 1262
and Mead Stream suggests that, for over ∼6 m.yr.,
there was a series of short-term climate perturba-
tions, each characterized by a systemic response in
a different environment. At site 1262, strata de-
posited during these perturbations are intervals of
carbonate dissolution; at Mead Stream, they are in-
tervals of terrigenous dilution. Collectively, they
probably reflect a link in Earth systems involving
ocean acidification and enhanced seasonal precip-
itation (fig. 8). This suspected link is found in cli-
mate model simulations for geologically brief times
of warming and massive carbon input, such as
might occur in the coming millennia (Meehl et al.
2007a, 2007b; Allan and Soden 2008).

Quantitative coupling of parameters for carbon-
ate dissolution in the deep ocean and siliciclastic
flux on continental margins across each hyper-
thermal is tantalizing but complicated, as both are
likely influenced by differences in boundary con-
ditions before and during the events. In particular,
consider such coupling of records on the million-
year timescale from the late Paleocene through
EECO. Between 58 and 51 Ma, benthic foraminifera
carbon isotope records show an ∼2‰ decrease in
d13C (Zachos et al. 2001; Cramer et al. 2009), and
deep-sea sediment records suggest an overall deep-
ening of the CCD (Hancock et al. 2007; Leon-Rod-
riguez and Dickens 2010). Presumably, the two ob-
servations collectively indicate a significant
increase in net fluxes of 13C-depleted carbon to the
ocean and atmosphere, but at a sufficiently slow
rate so that carbon inputs were buffered by alka-
linity supply to the ocean (Hancock et al. 2007;
Leon-Rodriguez and Dickens 2010). The succession
of hyperthermals, and their environmental mani-
festations, very likely occurred over a long time

interval when surface temperatures generally rose
(Zachos et al. 2008; Bijl et al. 2009; Westerhold et
al. 2011) and the exogenic carbon cycle generally
gained mass.

Benthic foraminifera carbon isotope records
show a ∼1‰ increase in d13C from 52 to 49 Ma
(Zachos et al. 2001). Multiple deep-sea sediment
sequences also suggest a major rise in the CCD over
this time interval (Hancock et al. 2007; Leon-Rod-
riguez and Dickens 2010). The simplest interpre-
tation is a pronounced decrease in net long-term
fluxes of 13C-depleted carbon to the ocean and
atmosphere (Hancock et al. 2007; Zachos et al.
2008; Leon-Rodriguez and Dickens 2010). Benthic
foraminifera oxygen isotope records also show an
increase in d18O following EECO, which heralds the
start of long-term Cenozoic cooling, at least at high
latitudes (Zachos et al. 2001; Bijl et al. 2009;
Cramer et al. 2009; Hollis et al. 2009). However,
global cooling begins about 51 Ma (Bijl et al. 2009;
Hollis et al. 2009; Cramer et al. 2011), or about 1
m.yr. after the presumed change in net carbon
fluxes. Major carbonate dissolution in the deep sea,
therefore, may have coincided with high fluxes of
terrigenous sediment during part of the EECO. This
would further explain why the Mead Stream record
is so expanded across the EECO compared to that
in deep-sea sections (fig. 2).

Lower Marl lies beneath Upper Limestone. It is
possible that the transition between these units
marks the end of the EECO (fig. 2) and the waning
of terrigenous fluxes during the start of Cenozoic
cooling. Interestingly, at Mead Stream and else-
where in eastern Marlborough, Upper Limestone is
overlain in turn by Upper Marl, the top unit of
Amuri Limestone (Reay 1993; Strong et al. 1995).
One might speculate that, like the EECO, this unit
represents another interval of anomalously high
temperatures and elevated terrigenous discharge to
the ancient New Zealand continental margin. Up-
per Marl may be the lithological expression of the
Middle Eocene Climatic Optimum (MECO), which
began ∼41.5 Ma and lasted for about 0.6 m.yr. (Bo-
haty and Zachos 2003). However, appropriate re-
cords to evaluate this idea have not been generated
yet.

Summary and Conclusions

Mead Stream exposes a thick and continuous sec-
tion of sedimentary rocks originally deposited on
the continental slope of New Zealand from the late
Cretaceous to middle Eocene (Strong et al. 1995;
Hollis et al. 2005a). The continuous section rep-
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Figure 8. Cartoon view to explain the similar lithological and geochemical patterns observed in the deep sea and on
continental margins during the early Eocene. During times of high Earth surface temperature and massive carbon input
(e.g., hyperthermals), the release of 13C-depleted CO2 caused negative d13C excursions and shoaled the lysocline and
carbonate compensation depth (CCD) impacting deep-sea settings (e.g., site 1262). Contemporaneously, an enhanced
hydrological cycle occurred, which caused elevated annual precipitation but over a shorter season. This reduced vege-
tation and led to greater terrigenous sediment fluxes to continental slope settings (e.g., Mead Stream).

resents regional sediment accumulation (Hollis et
al. 2005) during a time interval marked by major
changes in climate and carbon cycling (Zachos et
al. 2008). This study extends previous records of
lithology, carbonate content, and bulk carbonate
d13C at Mead Stream (Hollis et al. 2005a; Nicolo et
al. 2007), so that relationships between the rock
record and changing environmental conditions can
be understood through much of the EECO.

The previously well-documented Lower Lime-
stone is overlain by Lower Marl, which represents

the EECO (∼53–51 Ma), and is comprised of inter-
bedded limestone and marl. Within this unit, there
are 10 intervals with more prevalent marl beds and
generally lower carbonate content (figs. 2, 3). Bulk
carbonate d13C analyses across these intervals show
that they broadly correspond to CIEs (fig. 5). More-
over, the most prominent marl sequence and CIE
marks the K/X event. It is possible, if not likely,
that the EECO was characterized by a series of
short-term negative CIEs.

The negative CIEs very likely represent abrupt
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releases of 13C-depleted CO2 into the ocean and
atmosphere (Dickens et al. 1995, 1997; Thomas and
Shackleton 1996; Lourens et al. 2005; Zachos et al.
2005; Zeebe et al. 2009; Leon-Rodriguez and Dick-
ens 2010; Dickens 2011). Marls at Mead Stream
represent short-term increases in terrigenous sed-
imentation and carbonate dilution. Considering
that several of the CIEs have been linked to warmer
Earth surface temperatures (Sluijs et al. 2007; Za-
chos et al. 2010; McInerney and Wing 2011; West-
erhold et al. 2011), the best explanation for the
marls is that they reflect an accelerated hydrolog-
ical cycle with enhanced seasonality (Giusberti et
al. 2007; Nicolo et al. 2007; John et al. 2008). This
would lead to greater chemical weathering and
physical erosion on continents and elevated sili-
ciclastic fluxes to the marine realm, especially at
higher latitudes. The EECO, as expressed by Lower
Marl, is greatly expanded at Mead Stream. It is
likely this time was characterized by a series of
warm events with pulses of greater terrigenous dis-
charge to the margin.
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