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ABSTRACT

Climate change at the Paleocene-Eocene Thermal Maximum (PETM) is frequently regarded 
as among the best ancient proxies for the potential effects of modern climate change. Terrest-
rial sections recording this event are few, but essential in understanding the impacts of rapid 
global change on land-dwelling life forms such as humans. In the Hanna Formation, exposed 
in the Hanna Basin of south-central Wyoming, the PETM and associated climate change are 
recorded in lacustrine and fl uvial sediments bracketing the Paleocene-Eocene boundary. Iso-
topic analysis of abundant fossil mollusks and organic carbon reveal interesting trends in the 
warming during the PETM and the subsequent climatic recovery. Changes in sedimentary 
environment due to climate change or tectonic events may be distinguishable through iso-
topic study, helping to clarify the direct impact of climate change on terrestrial ecosystems.  
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Introduction

Rapid global changes in climate (warming or 
cooling) are usually associated faunal turnover 
and frequently defi ne the boundaries between 
adjacent geochronologic units. The Paleocene-
Eocene boundary (~55Ma) is associated with 
an episode of global warming, termed the Pa-
leocene-Eocene Thermal Maximum (PETM). In 
Wyoming, mean annual temperature estimated 
from fossil fl oras increased from about 10ºC at 
the end of the Paleocene to 20–25ºC in the early 
Eocene (Koch et al., 2003). This warming event 
corresponds with changes in the marine realm 
including the extinction of benthic foramin-
ifera and a decrease in the surface-to-bottom 
water thermal gradient in the oceans (Koch et 
al., 1992; 2003), as well as mammalian turnover 
such as the fi rst appearance of ungulate groups 
and euprimates (Gingerich, 2003; Koch et al., 
2003). Warming associated with the PETM is 
thought to have reached its maximum in about 
50ky (Kennett & Stott, 1991; Zachos et al., 1993; 
Röhl et al., 2000; Koch et al., 2003), then grad-
ually returned to pre-PETM conditions over 
about 170ky (Kennett & Stott, 1991; Dickens et 
al., 1997; Bains et al., 2003; Koch et al., 2003; 
Röhl et al., 2007) although recent research sug-
gests that the PETM may have ended as abrupt-
ly as it began (Bowen & Zachos, 2010).

Global warming and the CIE during the 
PETM has been attributed most frequently to 
an increase in atmospheric carbon dioxide due 
to the release of methane hydrates from ocean 
basins (Dickens et al., 1995; 1997; Bains et al., 
1999). However, there is debate about whether 
the release of methane hydrates alone could 
be responsible for the rapid climate change 
and CIE at the beginning of the Eocene (Kven-
volden, 1999). Other potential sources of carbon 
dioxide that could result in global warming and 
the negative carbon isotope excursion involve 
the burning of large amounts of sedimentary 
organic carbon due to complete combustion 
of Paleocene peatlands, emplacement of large 
igneous provinces into organic-rich sediments, 
or the isolation and subsequent desiccation of a 
large epicontinental seaway (Higgins & Schrag, 
2006).

The inception of the PETM is recognized 
globally by a negative carbon isotope excursion 
(CIE), during which the δ13C values in terrestrial 
carbonaceous materials exhibit a ~2.8-8‰ de-

crease (Koch et al., 1992; Koch et al., 2003; Ma-
gioncalda et al., 2004) and marine carbonaceous 
materials exhibit a −2.5‰ decrease (Bains et 
al., 2003). In terrestrial organic carbon (coal or 
carbonaceous shale), δ13C values more negative 
than −26‰ V-PDB are found in rock represent-
ing the CIE, whereas values around −25‰ rep-
resent background pre- and post-PETM values 
(Harrington et al., 2005). The CIE is also recog-
nized in paleosol carbonate nodules when val-
ues fall below about −12‰ V-PDB (Bains et al., 
2003; Magioncalda et al., 2004). Furthermore, 
the CIE is recognized in marine carbonaceous 
sediments when δ13C values fall below 2‰ V-
PDB (Bains et al., 1999). Fossil mollusk shells 
and fossil mammal teeth also provide records 
of the CIE (Schmitz & Andreasson, 2001; Koch 
et al., 2003; Ivany et al., 2004). 

Several terrestrial Paleocene–Eocene bound-
ary sections are known from the western inte-
rior of North America. These include sections 
in the Williston Basin, North Dakota, (Har-
rington, 2004; Harrington et al., 2005), Green 
River Basin, Wyoming (Fricke & Wing, 2004), 
and the Powder River Basin, Wyoming (Wing 
et al., 2003; Harrington, 2003; 2004). The most 
widely studied of these sections are in the Big-
horn and Clarks Fork basins of northwestern 
Wyoming (Koch et al., 1995; Clyde & Gingerich, 
1998; Gingerich, 2001; Bains et al., 2003; Koch 
et al., 2003; Harrington, 2003; Gingerich, 2003; 
Magioncalda et al., 2004; Fricke & Wing, 2004; 
Harrington, 2004; Clyde et al., 2005; Kraus & 
Riggins, 2007; Yans et al., 2006; Smith et al., 
2007), where the CIE observed from abun-
dant paleosol carbonates, organic carbon, and 
mammalian fossils has been used to correlate 
terrestrial PETM sections to marine records of 
the PETM (Bains et al., 2003; Magioncalda et 
al., 2004) and to North American Land Mam-
mal “Ages” (Koch et al., 1995; Gingerich, 2003). 
The present study introduces a new terrestrial 
PETM section from the Hanna Basin of south-
central Wyoming, which contains an expanded, 
highly organic section of rock known to bracket 
the PETM. 

The Paleocene-Eocene boundary in the Hanna 
Basin
The Hanna Basin is a small but complex struc-
tural basin in south-central Wyoming (fi gure 1) 
that formed during the deformation of the 
Laramide Orogeny (Late Cretaceous through 
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early Eocene; Lillegraven & Snoke, 1996; Lil-
legraven & Eberle, 1999; Higgins, 2003; Lille-
graven et al., 2004). It contains nearly 13 km of 
sediments, with all but about one km represent-
ing deposits of Cretaceous through early Eo-
cene age (Lillegraven & Snoke, 1996; Higgins, 
2003). The three-kilometer thick Hanna Forma-
tion is exposed in the northeastern corner of 
the Hanna Basin, in an area of badlands called 
“The Breaks” (fi gure 1). This thick package of 
terrestrial sediments (fi gure 2) deposited from 
late-early Paleocene (Torrejonian North Ameri-
can Land Mammal “Age” or NALMA) through 
the earliest Eocene (Wasatchian NALMA) is 
the result of uplift and erosion of mountains 
of the Sweetwater Arch during the peak of lo-
cal Laramide tectonism (Lillegraven & Snoke, 
1996; Higgins, 2003; Lillegraven et al., 2004). 
The Hanna Formation is composed dominantly 
of organic-rich fl oodplain and fi ne-grained allu-
vial fan deposits with two distinct units of la-
custrine deposits, termed the upper lacustrine 
unit (ULU) and the lower lacustrine unit (LLU), 
that are each 300–400 meters thick in the upper 
half of the Hanna Formation. The upper half of 

the Hanna Formation also contains numerous 
numbered coal beds that are currently actively 
mined (fi gure 2; Dobbin et al., 1929; Lillegrav-
en et al., 2004).

On the basis of mammalian and molluscan 
biostratigraphy and palynology, the Paleocene-
Eocene boundary is believed to lie somewhere 
between 2000m and 3000m above the base of 
the Hanna Formation in The Breaks (Kirsch-
ner 1984; Lillegraven & Snoke, 1996; Higgins, 
2003; Dunn, 2003; Lillegraven et al., 2004; fi g-
ure 2). This interval includes both the upper 
and the lower lacustrine units and about 300m 
of intervening fi ne-grained fl uvial and paludal 
strata. This relevant part of the Hanna Forma-
tion starts at coal 78 and continues through 
coal 89 of Dobbin et al. (1929). Through fo-
cused efforts on this part of the Hanna For-
mation, three objectives are planned with this 
research:
1) Identify the probable position of the onset of 
the CIE (and thus the PETM), through isotopic 
analysis of dispersed organic carbon (DOC);
2) To identify millennial-scale environmental 
changes that occurred during the PETM using 

Figure 1. Location map showing the position of the Hanna Basin within Wyoming, and of The Breaks within the Hanna 
Basin.
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Figure 2. Composite section of the Hanna Formation in the vicinity of The Breaks. Important stratigraphic markers and the 
location of the section studied for this analysis are highlighted. Modifi ed from Lillegraven et al. (2004).
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the isotopic composition of nitrogen, where 
nitrogen is suffi ciently abundant to yield an ad-
equate result;
3) To examine intra-annual changes in environ-
ment using serial isotopic analysis of carbonate 
from the abundant shells of lacustrine mussels 
in the upper and lower lacustine units. 

Methods

In 2007, approximately 1000 meters of the Han-
na Formation were measured, beginning at the 
base of the lower lacustrine unit and continuing 
to the top of the upper lacustrine unit and coal 
89 (fi gure 2). During measurement, organic-rich 
rock and coal samples were collected as well as 
freshwater mollusk fossils as they were recog-
nized. In 2009, an additional section, parallel 
to the fi rst but about one km north, spanning 
from the top of the lower lacustrine unit into 
the middle of the upper lacustine unit was also 
measured, and numerous additional samples 
were collected.

Carbon and nitrogen isotopic ratios of dis-
persed organic matter were measured from the 
rock and coal samples. All samples were pow-
dered then pretreated with ~12% hydrochloric 
acid to remove any secondary carbonates. Pow-
ders were enclosed in tin capsules and analyzed 
using a Costech Analytical 1040ES elemental 
analyzer attached to a ThermoFinnigan Delta 
Plus XP mass spectrometer in the Department 
of Earth and Environmental Sciences at the Uni-
versity of Rochester. Carbon and nitrogen isoto-
pic results are reported using the standard delta 
notation in ‰ relative to V-PDB (Vienna Pee-
Dee Belemnite) for carbon and air for nitrogen 
and normalized (Coplen, 1994) on scales such 
that the carbon isotopic values of SRM 8541 
(Graphite), SRM 8542 (Sucrose), and SRM 8530 
(Oil) are −15.9‰, −10.47‰, and −19.73‰, re-
spectively and the nitrogen isotopic values of 
SRM 8558 and 8459 (both KNO3) are 179.9‰ 
and 3.5‰ respectively.

Both gastropods and pelecypods were collect-
ed for intrashell stable isotopic analysis to look 
at paleoenvironemental changes (Romanek & 
Grossman, 1989; Andreasson & Schmitz, 1996; 
Dettman et al., 1999; Schmitz & Andreasson, 
2001; Jones et al., 2002; Goodwin et al., 2003; 
Ivany et al., 2004; Goodwin et al., 2004; Schöne 
et al., 2006). Fourier-Transform Infrared Spec-
troscopy (FT-IR) was used on several fossil 

shells to assess the state of diagenetic alteration 
(Vagenas et al., 2003). Six shells were selected 
for serial isotopic analysis, representing fi ve 
fossiliferous levels within the CIE, spanning 
nearly 600 m of section within the Hanna For-
mation. Isotope samples were collected using 
a dental drill and tracing growth bands on the 
surface of the shell (fi gure 3) without penetrat-
ing deeply into the shell.

Shell samples were analyzed using Ther-
moFinnigan Gas Bench attached to the Ther-
moFinnigan Delta Plus XP mass spectrometer 
in continuous fl ow mode in the Department of 
Earth and Environmental Sciences at the Uni-
versity of Rochester. Approximately 200μg of 
sample is needed for each analysis. Samples 
were reacted with 103% phosphoric acid at a 
temperature of 69°C for at least 0.5 hour to as 
long as 7 hours. Carbon and oxygen isotopic re-
sults are reported using the standard delta nota-
tion in ‰ relative to VPDB (Vienna Pee-Dee Bel-
emnite) and normalized (Coplen, 1994) on scales 
such that the carbon and oxygen isotopic values 
of NBS-19 are 1.95‰ and −2.2‰, respectively, 
carbon and oxygen isotopic values of NBS-18 are 
−5.01‰ and −23‰, respectively, and the carbon 
isotopic value of L-SVEC is −46.6‰.

Results and Discussion

Carbon Isotope Excursion
A composite stratigraphic column of the part of 
the Hanna Formation measured for this study 
is shown in fi gure 4. Isotopic results from anal-
ysis of organic samples are shown on this plot. 
Mean δ13C values and standard deviations of 
replicate analyses are provided in table 1. 

Figure 3. Bivalve shell TB 2757-1 from 2757m level. 
Dashed lines indicate sampling grooves. Photography by 
the author.
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Figure 4. Organic carbon isotope stratigraphy across the Paleocene-Eocene boundary in the Hanna Formation. Error bars 
indicate standard deviations of replicate analyses.

The overall pattern is quite noisy, with fre-
quent but reproducible fl uctuations of as much 
as two or three permil between sampling locali-
ties. The onset of the CIE is recognized by the 
drop in carbon isotopic values from as posi-
tive as −23.8‰ at around 2455m to −27.4‰ at 
about 2504m, with isotopic values fi rst consis-
tently below −26‰ at 2483m. Isotopic values 
more negative than −26‰ are considered typi-

cal for the CIE (Magioncalda et al., 2004; Har-
rington et al., 2005). This negative excursion 
continues to about 2657m where values return 
to values consistently more positive that −26‰. 
The whole of the presumed CIE includes at least 
two spikes back to more positive values, one at 
2491m (−23.5‰) and one at 2532m (−23.3‰). 

The variability in values from Hanna Forma-
tion may be due to short-term perturbations in 
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Sample δ13C

Standard 
Deviation

of 
Replicate 
Analyses

Mass 
Fraction

Carbon

Strati-
graphic

Level 
(m)

PH-TB-07-97 -25.4 0.34 29.9 2878

PH-TB-07-96 -24.8 0.13 55.8 2873.5

PH-TB-07-94 -26.7 0.33 20.5 2820.5

PH-TB-07-92 -26.5 0.18 21.7 2808.5

PH-TB-07-91 -25.6 0.11 11.6 2802.5

PH-TB-07-89 -25.5 0.20 31.0 2781.5

PH-TB-07-88 -25.4 0.66 36.6 2775

PH-TB-07-90 -24.5 0.03 34.5 2775

PH-TB-07-87 -25.1 0.22 31.0 2745.5

PH-TB-09-33 -24.0 0.62 42.6 2733.5

PH-TB-07-86 -26.8 6.5 2720.5

PH-TB-07-85 -25.1 0.21 9.1 2714.5

PH-TB-09-31 -24.3 8.3 2712.8

PH-TB-09-30 -24.9 17.4 2711.3

PH-TB-09-29 -23.9 0.08 40.6 2709.2

PH-TB-09-75 -26.5 6.4 2707.6

PH-TB-09-28 -25.3 10.0 2707.2

PH-TB-09-27 -23.1 55.7 2704.1

PH-TB-09-26 -25.2 6.4 2703.0

PH-TB-09-69 -26.9 2684.6

PH-TB-07-46 -26.4 0.41 25.8 2684.3

PH-TB-09-68 -25.9 11.2 2682.5

PH-TB-07-44 -23.7 0.34 85.1 2681.8

PH-TB-07-84 -24.7 0.06 9.9 2668.0

PH-TB-07-83 -23.0 1.22 59.4 2656.5

PH-TB-09-66 -26.4 2642.1

PH-TB-09-65 -26.7 7.7 2638.9

PH-TB-07-41 -26.7 9.9 2635.3

PH-TB-09-60 -26.7 2620.5

PH-TB-09-54 -25.8 49.1 2576.4

PH-TB-09-53 -26.7 15.0 2574.9

PH-TB-09-52 -26.4 8.4 2571.2

PH-TB-07-35 -27.6 0.59 10.9 2570.8

PH-TB-09-51 -27.4 18.3 2570.2

PH-TB-09-19 -26.3 12.9 2550.8

PH-TB-09-50 -26.5 17.0 2547.6

Sample δ13C

Standard 
Deviation

of 
Replicate 
Analyses

Mass 
Fraction

Carbon

Strati-
graphic

Level 
(m)

PH-TB-07-97 -25.4 0.34 29.9 2878

PH-TB-09-48 -26.3 13.7 2545.5

PH-TB-09-47 -26.8 9.2 2545.0

PH-TB-09-18 -26.9 4.1 2542.5

PH-TB-09-46 -26.1 6.0 2542.3

PH-TB-09-17 -27.0 28.7 2539.4

PH-TB-07-20 -25.4 0.08 10.3 2536.3

PH-TB-09-16 -23.3 0.42 31.5 2531.7

PH-TB-09-15 -26.9 2.7 2530.7

PH-TB-09-14 -26.4 32.2 2527.1

PH-TB-09-45 -27.5 27.7 2520.8

PH-TB-09-13 -26.2 18.1 2519.3

PH-TB-09-43 -27.4 3.6 2503.5

PH-TB-09-12 -24.6 0.28 15.7 2490.9

PH-TB-09-42 -23.5 25.8 2490.9

PH-TB-09-41 -26.6 2.2 2489.3

PH-TB-09-40 -26.3 3.2 2486.2

PH-TB-09-10 -25.8 15.2 2485.3

PH-TB-09-09 -26.1 9.5 2484.2

PH-TB-09-38 -26.6 3.4 2482.5

PH-TB-09-08 -23.9 62.8 2474.4

PH-TB-09-07 -26.3 2.3 2458.9

PH-TB-09-36 -25.0 11.3 2457.9

PH-TB-09-06 -25.5 16.8 2455.8

PH-TB-09-35 -23.8 49.8 2455.2

PH-TB-09-34 -24.9 0.66 5.6 2453.1

PH-TB-07-18 -25.7 0.12 6.8 2444.3

PH-TB-07-30 -25.7 0.31 48.9 2383.3

PH-TB-09-03 -26.5 11.4 2383.1

PH-TB-07-26 -25.7 0.42 17.3 2328.3

PH-TB-07-22 -25.5 0.14 40.8 2272.3

PH-TB-07-10 -26.6 0.13 13.0 2240.3

PH-TB-07-12 -27.5 0.15 13.3 2230.3

PH-TB-07-05 -25.8 0.18 19.9 2093.3

PH-TB-07-04 -25.5 0.25 11.0 2069.3

Table 1. Means and standard deviations of isotopes of organic carbon by stratigraphic level.
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ules. Based upon this, the Paleocene-Eocene 
boundary, marked by the onset of the CIE in pa-
leosol carbonate nodules is about 5 meters be-
low the onset of the CIE in organic carbon (and 
is noted in fi gure 5). Using only the onset of 
the CIE in the Hanna Formation, the Paleocene-
Eocene boundary lies at approximately 2500 m. 
Paleosols with obvious carbonate nodules are 
not present in the Hanna Formation to allow 
further exploration of the relationship between 
the onset of the CIE if measured using organic 
carbon or carbonate carbon. 

Nitrogen 
The abundance of nitrogen in organic matter 
is signifi cantly lower than that of carbon. Ni-
trogen isotopes and C/N ratios are usually not 
measured for samples of ancient organic car-
bon because the relative abundance of nitrogen 
is too low for accurate measurement. However, 
because of the high abundance of organic mate-
rial in coals in the Hanna Formation, some mea-
surements were made successfully. 

A common measure used when examining 
nitrogen in sediments in the carbon to nitro-
gen atomic ratio (C/N atomic). This ratio is 
variable, based upon the origin of the nitro-
gen-bearing organic molecules. Where most of 
the organic material is derived from algal mat-
ter, C/N ratios are typically less than 10 (Mey-
ers & Ishiwatari, 1993; Meyers, 1997; Bertrand 
et al., 2004; Routh et al., 2004; Choudhary 
et al., 2009). Whereas, if the bulk of organic 
matter is derived from vascular plants (typi-
cally terrestrial), C/N ratios are greater than 20 
(Meyers & Ishiwatari, 1993; Choudhary et al., 
2009). Diagenetic degradation of organic mat-
ter is thought to reduce this ratio (Meyers & 
Ishiwatari, 1993), but the reduction is not so 
extreme to cause terrestrially derived organic 
matter to have the C/N rato of algally derived 
organic matter. Figure 6 and table 2 show C/N 
ratios from 14 samples from the Hanna For-
mation with suffi cient nitrogen for analysis. 
C/N ratios average about 42, which is fully 
in the range of land-derived organic carbon. 
There is a slight trend from higher C/N ratios 
(maximum of 66 at 2455 m) to lower ratios 
(minimum of 27 at 2878 m), which a poten-
tial shift from most carbon coming from land 
plants to a greater infl uence of algal sources 
of organic matter (Meyers & Ishiwatari, 1993; 
Meyers, 1997). 

environmental conditions which are evident 
due to the great thickness of the CIE, at about 
150 m (fi gure 4), compared with a similar sec-
tion in the Bighorn Basin of Wyoming where 
the CIE is only about 40 m thick (Bains et al., 
2003; Magioncalda et al., 2004). Additionally, 
the noise may be due the selection of bits of 
coal from the Hanna Formation for isotopic 
analysis, rather than grinding whole rocks for 
bulk analysis. Various sources of carbon mea-
sured in analyses of bulk organic carbon (leaves, 
roots, stems, seeds) may all differ substan-
tially from one another even if from the same 
plant (Schouten et al., 2007; Smith et al., 2007; 
Bechtel et al., 2008; Carvajel-Ortiz et al., 2009). 
Magioncalda et al. (2004) argue that these vari-
ous signals are typically averaged in dispersed 
organic carbon, resulting in a reliable pattern 
which is comparable with other carbon isotopic 
records from different regions or different sub-
strates. Several samples from the Hanna For-
mation, however, are selected pieces of coalifi ed 
wood or leaves, rather than bulk mixtures of 
dispersed organic carbon, which could increase 
the variability of isotopic results throughout the 
section and even from single localities.

A three-point running average was applied 
to the carbon isotopic data from the Hanna 
Formation to minimize this noise, and this was 
compared directly to the organic carbon data 
at Polecat Bench (fi gure 5). The isotope stratig-
raphy is aligned based upon the hypothesized 
onset and end of the CIE in the Hanna Forma-
tion (discussed above), and the onset and end of 
the CIE as defi ned by Magioncalda et al. (2004) 
for organic carbon at Polecat Bench. The overall 
match of the patterns is remarkable, especially 
at the positive excursion at about 2935 m in the 
Hanna Formation and the negative excursions 
at 2520 and 2845 m. 

Magioncalda et al. (2004) noted that the on-
set of the CIE as identifi ed from isotopic analy-
sis of organic carbon was delayed by about 3-5 m 
from the onset of the CIE recognized from the 
analysis of paleosol carbonates by Bains et al. 
(2003). Magioncalda et al. (2004) hypothesized 
that the difference lies in the fact that paleosol 
carbonates do form in the subsurface and the 
atmospheric carbon dioxide likely circulated to 
depths at which the carbonate nodules formed. 
Organic carbon was deposited near the surface, 
resulting in the separation between the CIE in 
organic carbon and in paleosol carbonate nod-
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Isotopes of nitrogen provide additional in-
sight into the origin of organic matter in a 
lake system and may provide some informa-
tion about the general environmental status of 
lake environments (Meyers & Ishiwatari, 1993; 
Yamamuro & Kanai, 2005; Choudhary et al., 
2009). Importantly, the most negative natural 
values of δ15N are typically about −1 to 3‰ 
representing the activity of cyanobacteria. Land 

plants overlap this with values from 1 to 3.7‰ 
(Meyers & Ishiwatari, 1993). Values of 8‰ or 
greater are characteristic of phytoplankton 
(Meyers & Ishiwatari, 1993), but could poten-
tially be much lower and overlap that of cyano-
bacteria (Choudhary et al., 2009).

Most measured δ15N values from the Hanna 
Formation lie in the −1 to 3‰ range, indicat-
ing either presence of cyanobacteria or a domi-

Figure 5. Three-point running average of the organic carbon isotope stratigraphy in the Hanna Formation overlain by the 
organic carbon isotope stratigraphy of Magioncalda et al. (2004).



Higgins, Climate Change PalArch’s Journal of Vertebrate Palaeontology, 9(4) (2012)

© PalArch Foundation 10

nance of land plants (fi gure 7). C/N ratios do 
not support the former (Meyers & Ishiwatari, 
1993; Choudhary et al., 2009), thus land plants 
appear to dominate the source of organic mate-
rial in the Hanna Formation. There are notable 
exceptions to this overall pattern, however. At 

about 2455, 2710, 2875, and most extremely 
at 2685 meters, δ15N values are far more nega-
tive than expected for typical modern lacustrine 
systems. The value of −10.8‰ at 2684 meters is 
highly suspect and is likely an analytical anomaly 
and will not be considered further. In the others, 

Figure 6. Carbon to nitrogen ratios for samples in the Hanna Formation for which carbon and nitrogen abundances and 
isotopic ratios were measured (table 2).
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δ15N values are about 1 to 2 ‰ more negative 
than reported ‘typical’ values for the organic mate-
rial left during cyanobacterial activity (Meyers & 
Ishiwatari, 1993). These negative values may be 
due to either differences in atmospheric δ15N at the 
Paleocene-Eocene boundary (which are unknown 
at this time) or due to the activity of prolifi c nitro-
gen-fi xing bacteria at these times (Meyers, 1997). 

At about 2530 meters, the lowest datapoint 
within the CIE, δ15N becomes more positive 
than elsewhere (5.5‰). More positive δ15N val-
ues have been attributed to the increased ac-
tivity of phytoplankton (Meyers & Ishiwatari, 
1993; Choudhary et al., 2009), but may also sug-
gest drying of the environment (Meyers & Ishi-
watari, 1993). An interpretaion of drying seems 
reasonable as this stratigraphic level also marks 
the onset of warming in the early Eocene. 

Mussel Isotopes
Stable isotopes in the shells of extant mollusks 
have been shown to vary according to general 
climatic regimes, with different environments 
(i.e. temperate vs. tropical) having distinctive 
isotopic signatures (Romanek & Grossman, 
1989; Andreasson & Schmitz, 1996; Dettman et 
al., 1999; Schmitz and Andreasson, 2001; Jones 
et al., 2002; Goodwin et al., 2003; Ivany et al., 
2004; Goodwin et al., 2004; Schöne et al., 2006). 
Isotopes of oxygen in the shells of mussels are 
derived from the water in which they lived and 
usually track seasonal changes in the isotopes 
of water, which themselves are related to tem-

perature and precipitation. Usually, increased 
oxygen values are associated with cooler times 
(winter) and decreased oxygen values are asso-
ciated with warmer times (summer; Grossman 
and Ku, 1986; Jones and Quitmeyer, 1996; Mc-
Connaughey, 2003; Jones et al., 2005). Carbon 
isotopes in shells of aquatic mollusks are de-
rived from environmental CO2 (in the form of 
dissolved inorganic carbon [DIC]), with some 
unknown contribution from respired or meta-
bolic carbon (CM). The contribution of CM 
within the mussels of the Hanna Formation is 
assumed to be the same for all individuals and 
to have minor annual variation. Isotopic chang-
es in DIC, however, can experience large season-
al changes related to environmental changes 
over the course of the year (Jones et al., 2001; 
Brunet et al., 2009). 

Mollusks (both pelecypods and gastropods) 
are abundant within the two lacustrine units of 
the Hanna Formation. Five localities with fossil 
mussels were selected for study. Two sites are 
found in the lower lacustine unit (LLU), which 
is late Paleocene in age, having been deposited 
prior to the onset of the CIE. The remaining 
three sites occur in the upper lacustrine unit 
(ULU). One is low in the ULU, and is in the up-
permost part of the CIE. The others occur post-
CIE. Serial isotopic analysis of mussel shells 
from these fi ve different levels in the Hanna 
Formation (Fig. 8) was conducted to explore 
intra-annual changes in environment prior to, 
during, and following the CIE. 

Sample ID δ13C (V-PDB) δ15N (AIR)
Weight % 

Carbon
Weight % 
Nitrogen

C/N atomic
Stratigraphic 

level

PH-TB-07-97 -25.4 -0.8 48.9 1.3 27.1 2878.0

PH-TB-07-96 -24.5 -1.8 49.8 1.2 52.5 2873.5

PH-TB-07-89 -25.5 0.0 51.3 1.1 33.7 2781.5

PH-TB-07-88 -25.5 1.4 32.2 1.0 41.1 2775.0

PH-TB-07-87 -25.1 -0.8 48.7 1.1 33.8 2745.5

PH-TB-09-33 -24.0 1.0 25.8 1.4 40.4 2733.5

PH-TB-09-33 -24.0 2.5 42.7 1.4 41.1 2733.5

PH-TB-09-29 -24.0 -1.9 47.6 1.3 38.1 2709.2

PH-TB-07-46 -26.4 -10.8 47.6 0.9 31.9 2684.3

PH-TB-09-16 -23.3 2.8 31.0 1.1 49.9 2531.7

PH-TB-09-14 -26.4 5.5 36.6 1.3 29.2 2527.1

PH-TB-09-12 -24.6 -0.7 31.0 1.0 62.5 2490.9

PH-TB-09-35 -23.8 -3.0 55.8 0.9 65.9 2455.2

PH-TB-07-30 -25.7 -0.1 29.9 1.5 38.7 2383.3

Table 2. Carbond and nitrogen measurements.
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FT-IR analysis on four shell collected from 
the Hanna Formation showed the shells to be 
composed of aragonite, from which I conclude 
that diagenetic alteration is minimal. All shells 
collected for this analysis were relatively com-
plete and showed layering structures that allow 

confi dence that the original shell material is 
preserved, and that isotopic data collected from 
shells refl ect the original isotopic values. 

From the fi ve sites, a total of eight individual 
shells were sampled. The raw isotopic data are 
provided in Appendix 1. Statistics for each shell 

Figure 7. Nitrogen isotope stratigraphy across the Paleocene-Eocene boundary in the Hanna Formation.
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are provided in table 3. These means are also 
plotted against stratigraphic level and the or-
ganic carbon isotopes on fi gure 8. Overall, there 
is little obvious pattern evident in the carbon 
isotopes, except perhaps a slight increase in the 
means overall, which seems to track changes 
in organic carbon isotopic values for each site 
(fi gure 8). This may be due to changes in the 
isotopic value of organic carbon available to the 
mussels in life, which would be refl ected in the 
small contribution of CM in the shell carbon-
ate (McConnaughey et al., 1997; Gillikin et al., 
2006; McConnaughey & Gillikin, 2008). Oxygen 
isotopes as well show no clear stratigraphic 
trend (fi gure 8).

Using variation of oxygen isotopes as a 
marker for time-of-year, Seasonal environmen-
tal changes over the course of the life of the 
mussel can be correlated to specifi c times of the 
year with combined analysis of carbon and oxy-
gen isotopes in fossil mussels. The cyclical pat-
tern of δ18O values is interpreted as an annual 
seasonal signal, with peaks of maximum δ18O 
occurring in winter and minima in δ18O repre-
senting summer. Where δ18O and δ13C in a shell 
covary with a positive correlation coeffi cient, 
productivity (i.e. photosynthesis) dominated 
the aquatic regime during the cooler months 
and bacterial respiration dominated in the 
summer (Jones et al., 2001; Brunet et al., 2009). 
Where δ13C and δ18O are inversely correlated (a 
negative correlation coeffi cient), productivity 
increased during the warmer months (Jones et 
al., 2001; Brunet et al., 2009). 

Shells collected throughout the Hanna For-
mation exhibit a trend from no or weakly nega-
tive correlation coeffi cients in the Paleocene 
part of the section (in the lower lacustrine unit), 
to strongly positive correlation coeffi cients in 
the upper lacustrine unit above the end of the 
CIE. This suggests a shift from environments 
where phytoplankton and land plants domi-
nated the environment in and around the lakes, 
toward an environment where bacterial respi-
ration dominated the system. This seems more 
reasonable when one considers the abundance 
of large stromatolitic structures found through-
out the lower and especially the upper lacus-
trine units. However, the direct relationships 
between stromatolites and the shell-bearing 
units is currently unclear, and will be a topic of 
future research.

Conclusions

Isotopic analyses of organic carbon in the up-
per parts of the Hanna Formation clearly in-
dicate the CIE associated with the PETM. The 
overall pattern is very similar to that from or-
ganic carbon at Polecat Bench (Magioncalda et 
al., 2004), but is found within a rock column 
approximately three times thicker. This repre-
sents an unparalleled opportunity to look at the 
CIE at extremely high resolution in a terrestrial 
section. One important observation is the rec-
ognition of a large, short-lived shift in carbon 
isotopes back to pre-CIE values. 

New data from nitrogen (isotopes and con-
centration) provide insights into the origins of 
organic matter into the Hanna Formation. To a 
large degree, most organic material appears to 
have been derived from terrestrial sources, not 
from algae in the lake. Nitrogen isotopic data 
suggest potential drying at the onset of the car-
bon isotope excursion, plus a potential trend to-
ward greater cyanobacterial activity up section. 
Serial isotopic analysis of mussel shells sup-
port a shift from an environment where warm 
months are characterized by photosynthetic 
activity to one in which bacterial respiration 
dominates higher in the section, after the end 
of the CIE.
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OurLabID Sample ID Carbon Oxygen Serial Position
Stratigraphic 

level

C-2451 JVTB08-01 -0.9 -7.8 6.8 2757

C-2452 JVTB08-02 -1.5 -9.2 9.8 2757

C-2453 JVTB08-03 -0.5 -7.9 11.4 2757

C-2472 JVTB08-22 0.6 -6.8 11.4 2757

C-2473 JVTB08-23 -1.2 -8.5 13.0 2757

C-2454 JVTB08-04 -2.9 -12.7 13.8 2757

C-2474 JVTB08-24 -0.5 -6.5 15.0 2757

C-2455 JVTB08-05 -2.3 -12.4 15.2 2757

C-2456 JVTB08-06 -1.4 -10.3 16.9 2757

C-2476 JVTB08-26 -2.0 -12.2 17.5 2757

C-2457 JVTB08-07 -1.4 -9.3 18.0 2757

C-2458 JVTB08-08 -2.0 -8.9 18.7 2757

C-2459 JVTB08-09 -1.1 -8.2 20.4 2757

C-2460 JVTB08-10 -1.2 -7.6 21.4 2757

C-2461 JVTB08-11 -1.5 -6.5 22.8 2757

C-2462 JVTB08-12 -0.2 -4.8 24.0 2757

C-2479 JVTB08-29 1.2 -6.3 24.0 2757

C-2463 JVTB08-13 0.5 -5.4 25.3 2757

C-2480 JVTB08-30 -1.2 -9.7 25.8 2757

C-2464 JVTB08-14 -1.8 -9.4 27.1 2757

C-2482 JVTB08-32 -2.4 -12.3 28.5 2757

C-2465 JVTB08-15 -2.8 -11.1 28.6 2757

C-2466 JVTB08-16 -3.0 -10.4 29.2 2757

C-2484 JVTB08-34 -2.5 -10.0 31.1 2757

C-2467 JVTB08-17 -3.0 -10.5 31.2 2757

C-2486 JVTB08-36 -0.3 -8.1 32.8 2757

C-2468 JVTB08-18 -0.2 -8.8 33.8 2757

C-2469 JVTB08-19 -0.2 -7.5 36.0 2757

C-2470 JVTB08-20 -1.5 -9.1 37.6 2757

C-3912 JM-TB-10-24 -0.5 -12.4 2.6 2710

C-3913 JM-TB-10-25 -1.2 -11.2 4.1 2710

C-3890 JM-TB-10-02 -4.0 -13.0 5.0 2710

C-3914 JM-TB-10-26 -0.9 -12.2 5.8 2710

C-3891 JM-TB-10-03 -4.7 -15.2 6.4 2710

C-3892 JM-TB-10-04 -4.1 -13.6 7.4 2710

C-3916 JM-TB-10-28 -0.4 -10.8 8.2 2710

C-3917 JM-TB-10-29 -0.1 -11.6 8.8 2710

C-3894 JM-TB-10-06 -4.1 -17.6 10.1 2710

C-3918 JM-TB-10-30 0.4 -11.9 10.3 2710

C-3919 JM-TB-10-31 -0.4 -11.9 11.4 2710

C-3895 JM-TB-10-07 -4.4 -16.2 11.6 2710

C-4000 JM-TB-10-54 -0.4 -6.2 12.5 2710

C-4000 JM-TB-10-54 -0.5 -6.1 12.5 2710

C-3896 JM-TB-10-08 -3.8 -14.6 12.5 2710

C-3920 JM-TB-10-32 -0.4 -10.9 13.0 2710
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OurLabID Sample ID Carbon Oxygen Serial Position
Stratigraphic 

level

C-3897 JM-TB-10-09 -3.6 -10.7 13.6 2710

C-4003 JM-TB-10-57 0.2 -4.8 14.2 2710

C-4004 JM-TB-10-58 0.0 -6.0 14.6 2710

C-3898 JM-TB-10-10 -2.6 -9.1 15.0 2710

C-3899 JM-TB-10-11 -1.7 -8.4 15.9 2710

C-3900 JM-TB-10-12 -1.0 -8.8 16.6 2710

C-4009 JM-TB-10-63 1.2 -6.4 17.6 2710

C-4009 JM-TB-10-63 1.0 -6.6 17.6 2710

C-3901 JM-TB-10-13 -0.8 -11.1 18.5 2710

C-3902 JM-TB-10-14 -1.7 -11.5 19.4 2710

C-4012 JM-TB-10-66 -0.5 -6.2 19.5 2710

C-4013 JM-TB-10-67 -0.2 -6.5 20.3 2710

C-3903 JM-TB-10-15 -4.2 -16.1 20.9 2710

C-4015 JM-TB-10-69 0.3 -6.2 21.7 2710

C-3904 JM-TB-10-16 -4.1 -16.3 21.7 2710

C-3905 JM-TB-10-17 -3.7 -10.6 22.7 2710

C-4018 JM-TB-10-72 -1.1 -7.5 23.8 2710

C-3906 JM-TB-10-18 -4.7 -13.4 23.9 2710

C-4019 JM-TB-10-73 -0.9 -6.4 24.6 2710

C-3908 JM-TB-10-20 -5.0 -14.8 25.8 2710

C-3909 JM-TB-10-21 -5.2 -13.7 26.4 2710

C-3910 JM-TB-10-22 -5.4 -10.4 27.8 2710

C-4024 JM-TB-10-78 -0.5 -7.1 28.3 2710

C-4024 JM-TB-10-78 -0.4 -7.4 28.3 2710

C-4028 JM-TB-10-82 -1.3 -7.8 31.6 2710

C-4031 JM-TB-10-85 -0.5 -7.5 33.9 2710

C-4032 JM-TB-10-86 -0.3 -7.4 34.1 2710

C-4036 JM-TB-10-90 -0.3 -6.9 36.7 2710

C-4037 JM-TB-10-91 -0.4 -6.9 37.4 2710

C-4040 JM-TB-10-94 0.2 -7.5 39.1 2710

C-4041 JM-TB-10-95 -0.4 -7.5 40.3 2710

C-2487 JVTB08-37 -2.2 -13.5 8.6 2632

C-2488 JVTB08-38 -4.8 -13.6 9.8 2632

C-2489 JVTB08-39 -5.4 -13.7 10.5 2632

C-2490 JVTB08-40 -5.0 -11.6 11.2 2632

C-2491 JVTB08-41 -3.7 -10.4 11.9 2632

C-2492 JVTB08-42 -2.4 -10.4 12.8 2632

C-2493 JVTB08-43 -2.5 -11.3 13.6 2632

C-2494 JVTB08-44 -3.9 -12.7 14.1 2632

C-2495 JVTB08-45 -5.1 -13.1 14.7 2632

C-2496 JVTB08-46 -5.3 -13.0 16.2 2632

C-2660 SIR 08-39 -0.7 -4.8 1.0 2235

C-2661 SIR 08-40 -1.5 -5.1 2.0 2235

C-2662 SIR 08-41 -2.2 -6.2 3.0 2235

C-2663 SIR 08-42 -2.4 -5.1 4.0 2235
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OurLabID Sample ID Carbon Oxygen Serial Position
Stratigraphic 

level

C-2664 SIR 08-43 -2.6 -5.4 5.0 2235

C-2665 SIR 08-44 -2.4 -5.3 6.0 2235

C-2666 SIR 08-45 -2.4 -4.3 7.0 2235

C-2667 SIR 08-46 -1.8 -4.8 8.0 2235

C-2668 SIR 08-47 -2.5 -4.1 9.0 2235

C-2669 SIR 08-48 -2.1 -3.7 10.0 2235

C-2670 SIR 08-49 -1.4 -6.3 11.0 2235

C-2671 SIR 08-50 -1.2 -6.6 12.0 2235

C-2672 SIR 08-51 -4.2 -11.7 1.0 2210

C-2673 SIR 08-52 -3.4 -12.7 2.0 2210

C-2674 SIR 08-53 -3.5 -11.5 3.0 2210

C-2676 SIR 08-55 -4.7 -12.1 5.0 2210

C-2677 SIR 08-56 -4.3 -11.8 6.0 2210

C-2678 SIR 08-57 -4.7 -12.8 7.0 2210

Appendix I. All individual data points from the eight mussel shells sampled in this study.


