Geological Society of America
Special Paper 369
2003

Marine-terrestrial linkages at the Paleocene-Eocene boundary

Santo Bains
Department of Earth Sciences, University of Oxford, Oxford, OX1 3PR, UK
Richard D. Norris
Department of Geology and Geophysics, Woods Hole Oceanographic Institution,
Woods Hole, Massachusetts 02543, USA
Richard M. Corfield
Department of Earth Sciences, University of Oxford, Oxford, OX1 3PR, UK
Gabriel J. Bowen
Department of Earth Sciences, University of California, Santa Cruz, California 95062, USA
Philip D. Gingerich
Department of Geological Sciences and Museum of Paleontology, University of Michigan,
Ann Arbor, Michigan 48109, USA
Paul L. Koch
Department of Earth Sciences, University of California, Santa Cruz, California 95062, USA

ABSTRACT

A fossil-bearing continental sequence that spans the Paleocene-Eocene boundary
(ca. 55 Ma) can now be accurately correlated to expanded deep-sea oceanic sediments
at an extremely high resolution (~10 k.y.), thus facilitating detailed investigations into
abrupt global climate change and its influence on the evolution of terrestrial organ-
isms. Here we show that the onset of this extremely warm interval is associated with a
stepped terrestrial carbon isotope (6'3C) excursion. This suggests that a pulsed subli-
mation of submarine gas hydrate accumulations at this time may have caused a rapid
venting of significant quantities of light carbon through the ocean/atmosphere inter-
face. Major mammalian turnover occurred near the onset of the ensuing greenhouse
event, and this also appears to have occurred in a sequential fashion, although the
changes we see in population composition and morphology lag the major features of
the global 8'3C record by some ~10-20 K.y., which could represent the duration re-
quired for evolutionary mechanisms to occur due to greenhouse-associated stresses.
Additionally, we have evidence that increased soil respiration rates occurred in re-
sponse to the core episode of global warmth. Paleocene-Eocene boundary carbon cy-
cle perturbations were apparently as remarkable in the atmospheric and terrestrial
reservoirs as they were in the oceans, and these changes had a dramatic effect on ter-
restrial biota.

INTRODUCTION

At the Paleocene-Eocene (P-E) epoch boundary, ocean wa-
ter 8'3C became more negative by ~2.5%0 in a stepped manner
over <52 k.y. (Norris and Rohl, 1999; Rohl et al., 2000). The ra-

pidity, amplitude, and structure of this major carbon isotope
event (CIE) have been explained by the pulsed introduction into
the exchangeable carbon reservoir of large volumes of isotopi-
cally light methane (CH, with 8'3C ~ —60%0c; Kvenvolden,
1988)—a potent greenhouse gas—from subliming gas hydrate
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accumulations (Dickens et al., 1995; Bains et al., 1999; Dick-
ens, 2001). As this occurred, the Earth’s climate warmed by as
much as 5-7 °C via greenhouse mechanisms (e.g., Kennett and
Stott, 1991; Eldholm and Thomas, 1993; Rea et al., 1995;
Fricke et al., 1998; Sloan and Thomas, 1998; Bains et al.,
1999), which may have been a major cause of continental fau-
nal migration corridors opening (Gingerich, 1989; Clyde and
Gingerich, 1998; Beard and Dawson, 1999; Peters and Sloan,
2000) and marine and terrestrial taxonomic turnover increases
(e.g., Gingerich, 1989; Kelly et al., 1996, 1998; Clyde and
Gingerich, 1998).

In response to the rapidly changing environment, oceanic
phytoplankton bloomed and an elevated marine carbon pump
probably helped the Earth to recover quickly to near pre-event
conditions (Bains et al., 2000; Zachos and Dickens, 2000). Ac-
cording to recent models, a similar greenhouse-induced biolog-
ical feedback system may also have occurred on land (Beerling,
2000). Given the reality of current anthropogenic global warm-
ing, and the uncertainties over future ecological change, the ter-
restrial floral and faunal response to the transient P-E boundary
greenhouse world warrants thorough investigation. We have
thus conducted, and here present, a high-resolution continental
geochemical and paleontological study of this exceptional in-
terval in the Earth’s history.

HIGH-RESOLUTION TERRESTRIAL STABLE
ISOTOPE AND FOSSIL MAMMAL RECORDS

The '3C and 6'80 values of ancient soil nodule carbonates
can provide valuable information about terrestrial environmen-
tal change from the geological record. The 8'3C of soil nodule
carbonate can be influenced by several factors (Cerling, 1984,
1991, 1999; Cerling et al., 1991; Cerling and Quade, 1993).
However, since a major component of soil gas (the source of car-
bon in soil nodule carbonate) is supplied by root respiration and
the bacterial decay of litter, it can reflect the 8'3C of overlying
plants if other factors are carefully accounted for (see discussion
in Koch et al., 1995). The 8'3C of plants reflects that of atmos-
pheric CO,, which in turn is dominated by gas exchange with
the oceans. Koch et al. (1992, 1995) have previously demon-
strated that at the P-E boundary, shifts in soil nodule carbonate
813C can indeed be correlated to shifts in the 8'3C of the surface
ocean (with a regular fractionation). Building on this knowl-
edge, we have now constructed an extremely detailed conti-
nental 8'*C record across the P-E boundary, which is of a simi-
lar temporal resolution to those that have recently been created
from deep-sea carbonates (Bains et al., 1999) and an independ-
ent data set also derived from the Bighorn Basin sequence
(Bowen et al., 2001). The new high-resolution terrestrial CIE
records show virtually identical trends, and are used here for the
first time to assess atmospheric and terrestrial carbon reservoir
consequences of gas hydrate decomposition, changes in soil
respiration/production and terrestrial climate feedbacks, as well

as to further address the timing and nature of mammalian
turnover across this interval. The 8'#0 of soil nodule carbonate
is used here to show that diagenetic effects due to deep burial do
not affect our isotopic record.

We measured the 8'*C and &'80 composition of 485 car-
bonate soil nodules (see Table DR1!) collected from an ~80 m
thick stratigraphic section at the southern end of Polecat Bench
(Bighorn Basin, Wyoming, at, and in, the vicinity of University
of Michigan locality SC-67; Gingerich, 1989). By moving west
around the southern tip of Polecat Bench, we were able to map
and sample a continuous composite sequence of fine-grained
mudstones and well-developed paleosols deposited across the
late Paleocene through to the early Eocene, successfully avoid-
ing the Clarkforkian—Wasatchian sandstone unit, which is not
laterally continuous here. We collected fossil soil nodules from
the narrow spines of steep ridges, digging out ones that were just
emerging out of the rock surface as well as those that were
deeply buried. The average within-soil standard deviation is
0.8%¢ and 0.5%o for 8'3C and 8'80 respectively, in accordance
with typical within-nodule and within-soil isotopic differences
reported in other studies of Bighorn Basin paleosol carbonates
(Koch et al., 1992, 1995). In soils, carbonate precipitated <30
cm from the soil-atmosphere boundary can have a 8'*C value
that is directly influenced by atmospheric CO,, rather than
purely by soil gas derived from plants. This mechanism can
cause shifts of 210%e from the base to the top of a soil unit, an
effect most pronounced in desert environments (Quade et al.,
1989; Cerling and Quade, 1993). However, in the data presented
here, no obvious association was found between soil thickness
and &'3C value, and carbonate nodules collected from <30 cm
thick soils do not have unusual 8'3C values. Nevertheless, as a
precaution, we calculate and plot average &'3C values for only
carbonate nodules collected at 230 cm below surfaces of suffi-
ciently thick paleosols. These data points follow the same trend
as that of the entire data set (Fig. 1). Some soil nodules contained
diagenetic sparry calcite. Co-occurring spar and micrite do not
differ significantly in terms of 8'>C, but spar 8'%0 values are
significantly more negative than those of micrite (mean differ-
ence —6.7%c). For our record, sparry calcite was carefully
avoided when drilling samples. For isotopic analysis, several
hundred micrograms of sample were drilled from micrite in soil
nodules and cleaned of possible organic contaminants using
10% H,0O, and acetone. Samples were reacted at 90 °C in a com-
mon phosphoric acid bath carbonate preparation device inter-
faced with a mass spectrometer in the Department of Earth Sci-
ences, University of Oxford. The average time between reaction
of samples was 30 minutes, which is sufficient to completely re-
act all carbonate phases. Analytical precision better than 0.1%¢

'GSA Data Repository item 2003047, Table DR, High-resolution stable car-
bon and oxygen isotope data from the Bighorn Basin, is available on request
from Documents Secretary, GSA, P.O. Box 9140, Boulder, CO 80301-9140,
USA, editing@geosociety.org, or at www.geosociety.org/pubs/ft2003.htm.
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Figure I. Detailed terrestrial §'3C and 8'*O and marine 8'3C records across the P-E boundary. Terrestrial data are derived from carbonate soil
nodules from an expanded section at the southern end of Polecat Bench, northern Wyoming, and marine data are from ODP 690B bulk carbon-
ates (Bains et al., 1999). A: Labels a through i were assigned to the 8'3C record of ODP 690B in Bains et al. (1999), and here labels ¢, d, e, h and
i have also been used to denote the corresponding §'3C stable isotope events found in the terrestrial realm, and are referred to in the text. For
Polecat Bench data, stratigraphic level has been plotted as depth in meters above the K-T boundary. The record decreases in age from right to left
and includes previously published data from this locality (large open diamonds; Koch et al., 1995). ODP 690B data has been plotted against depth
as meters below the seatloor. Open triangles in the Polecat Bench—South record represent averaged data from nodules collected at depths 230 cm
from the surface of ancient paleosols. The previous data of Koch et al. (1995) has been excluded from the trendline (which is a 3 point moving
average). B: Map of modern North America showing the approximate location of the Polecat Bench section. C: §'80 data from soil nodule mi-
crite from Polecat Bench. Because our data are consistent with the low-resolution trend of Koch et al. (1995) we are confident that our samples

have not been affected by diagenesis or reworking.



for both carbon and oxygen isotopes was maintained through-
out all analysis. Carbon and oxygen data are reported in &
values: 8'*C or 8'%0 = IR ypie R tanaae) — 11 % 1000, where
R, pie AN R g are the ratios of 1°C/'C or '%0/!°O for the
sample and the standard. Results were calibrated to Pee Dee
belemnite (V-PDB) by reference to in-house Carrara Marble
standard and are reported in per mil (%o).

We have also collected, and below interpret, a new highly de-
tailed fossil record from the Polecat Bench outcrop. The P-E
boundary is generally thought to coincide with an abrupt change
from a mammal fauna dominated by archaic lineages to a fauna
dominated by modern orders including the first Primates (Gin-
gerich, 1989). In North America, this faunal change happens at
the Clarkforkian—Wasatchian land-mammal age boundary (Rose,
1981; Gingerich, 1989), which occurs near the CIE (Koch et al.,
1992, 1995). We find that this faunal transition occurred in a
sequential nature, with changes in earliest Wasatchian mammals
lagging features of the new high-resolution 8'*C record.

SIMILARITIES BETWEEN THE
TERRESTRIAL AND MARINE CIE

Comparisons between the detailed marine P-E boundary
8'3C records of Ocean Drilling Program (ODP) Southern Ocean
Site 690B and North Atlantic Site 1051B (Bains et al., 1999) and
our high-resolution terrestrial 8'C record from the Bighorn
Basin, Wyoming (Fig. 1) will allow us to investigate the mech-
anisms of “whole-Earth” climate change at this time. Apparent
similarities in the early stages of the boundary excursion include
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a marked initial negative drop in 8'*C (feature “c”), a plateau
(feature “d”), followed by a further drop (feature “e’’). Coming
out of the event, a rapid increase in 8'*C (feature “h”) precedes
an inflection toward a more gradual positive trend (feature “i”).
Based on correlation of features “c” and “h”, assuming constant
sedimentation rates, and using an orbital age model for the
ODP 690B record (Rohl et al., 2000), the 8'3C excursion and re-
covery from the Polecat Bench record (from ~ -10 to +30 m)
spans about four precession cycles, or ~84 k.y. This approxima-
tion yields a sedimentation rate of ~475 m/m.y., which is very
comparable to a long-term rate of ~470 m/m.y. calculated for
~1200 m of sediments spanning the P-E boundary from the Fort
Union and Willwood formations of this region (Gingerich,
2000; Wing et al., 2000), suggesting that our isotopic correla-
tion is probably quite precise.

DIFFERENCES BETWEEN THE
TERRESTRIAL AND MARINE CIE

The similarities between the terrestrial and marine records
indicate that both of these reservoirs were significantly per-
turbed by the proposed sublimation of gas hydrate accumula-
tions at the P-E boundary; however, intriguing differences do ex-
ist that raise questions about various aspects of carbon cycle
dynamics. Of particular interest is the larger amplitude of the
CIE in the terrestrial record (Fig. 2). Excursions “c” and “e” are
similar in both records in terms of their almost instantaneous na-
ture, however, their magnitude in the Polecat Bench record
(~ —2%0 and —3.5%¢, respectively) are much greater than those
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observed in the bulk carbonate record from ODP 690B (~ —1.2%o
and —1%o, respectively). Also, the total magnitude of the 8'3C
excursion on land (~5.5%0—8%0) remains larger than the marine
record 8'3C excursion (~2.5%c) for tens of thousands of years
throughout the core of the CIE (features “d” through “i”).

Itis possible that a small fraction of the liberated CH, from
subliming gas hydrate reservoirs bubbled through the water col-
umn and oxidized to CO, in the atmosphere. Because the at-
mosphere contains much less carbon than the oceans, such a
transfer of very light carbon to this reservoir would have a great
effect on its §'*C composition. In fact, according to calculations
that we performed, which were based on previously published
equations (Dickens et al., 1995; Dickens, 2001), the introduc-
tion of ~50 Gt and 970 Gt of ~ —60%¢ 8'*C carbon into the at-
mospheric and oceanic reservoirs respectively could have
caused the initial isotope event “c.” A second injection of ~100
Gt to the atmosphere and ~760 Gt to the oceans would explain
excursion “e.” Under contemporary oceanographic conditions,
however, equilibration of carbon isotopes between the atmos-
phere and marine bicarbonate occurs rapidly (~1 k.y.). The per-
sistently larger magnitude of the 8'3C excursion on land sug-
gests either that oceanic and atmospheric circulation were
dramatically different across the P-E boundary, or that some
other mechanism may have been operating to maintain the
greater magnitude of the excursion in terrestrial systems.

INCREASED SOIL RESPIRATION
RATES AT THE P-E BOUNDARY

We suggest that increased atmospheric CO, concentrations
and surface temperatures following the initial sublimation of gas
hydrates may have led to elevated rates of soil respiration, thus
causing the magnified §!3C excursion on land (as discussed
above). Cerling (1999) has shown that an increase in soil respi-
ration rates, which are often associated with increased primary
production, lead to a decrease in the 8'*C of soil CO,, and soil
carbonates. A conservative estimate (using the method of Cer-
ling, 1999, and assuming that the atmospheric CIE magnitude
was ~ —4.25%o larger than the CIE recorded in the oceans—as
suggested by our data) suggests at least a doubling of soil respi-
ration rates in the Bighorn Basin following the P-E boundary.

However, there are other variables besides soil respiration
rates and the 8'3C of overlying plants and atmosphere that can
significantly influence the 8'3C of soil carbonates (Cerling,
1984, 1991, 1999; Cerling et al., 1991; Cerling and Quade,
1993). These include (i) differences in carbon isotope fraction-
ation between C3 and C4 plants; (ii) atmospheric pCO.; (iii) soil
porosity; and (iv) plant rooting depth. A shift in the overlying
biomass of C4 versus C3 plants can produce large shifts in the
8'3C of soil carbonates, but C4 plants are not believed to have
become abundant until the Neogene (Thomasson et al., 1986;
Quade et al., 1989; Quade and Cerling, 1995). Changes in the
concentration of CO,, in the atmosphere also affects the pene-

tration of this gas into soils and the 8'*C of soil CO, (Cerling,
1991). However, atmospheric pCQ, was probably 1000 ppmv or
less during the P-E transition (Koch et al., 1992; Beerling, 2000;
Royer et al., 2001), which is too low to have had a major effect
on the §'°C of soil CO, and pedogenic carbonates (Cerling,
1999). One estimate of P-E transition pCO,, based on boron iso-
topes does suggest higher levels (Pearson and Palmer, 2000), but
an increase in atmospheric pCO, would decrease the magnitude
of the 8'3C excursion in soils, which is the opposite of our ob-
servations. Although changes in rooting depth and soil porosity
have not been thoroughly studied in P-E boundary soils, explo-
ration of a soil carbon isotope model suggests minimal sensitiv-
ity to these parameters unless they undergo dramatic changes in
value, such as those seen between tropical forest and desert soils
(Cerling, 1984, 1991; Cerling et al., 1991; Cerling and Quade,
1993). Given the similarity in depositional environments and
sedimentary rates across the boundary, we conclude that such
drastic changes in these soil parameters are unlikely, and that the
Bighorn Basin record is consistent with an increase in soil res-
piration rates during the 8'*C excursion. The exact reasons for
such a large increase in soil productivity are not fully under-
stood, but it seems likely that it may have been linked to the in-
crease in Bighorn Basin temperatures of 5—7 °C that has been
recorded at the P-E boundary (Fricke et al., 1998) and an in-
crease in atmospheric pCO, following CH, input and oxidation.
However, there is some evidence that soil decomposition rates
can remain constant with temperature (Giardina and Ryan,
2000), and so other factors such as changes in precipitation and
vegetation patterns may also have been important.

Beerling (2000) used vegetation-biogeochemistry and car-
bon isotope mass balance models to study the response of global
terrestrial ecosystems to different scenarios for increased at-
mospheric pCO, and temperature during the P-E boundary
event. He inferred increases in terrestrial carbon storage ranging
from 7% to 200% of the pre-excursion carbon in vegetation bio-
mass and soils. In his vegetation-biogeochemistry models, the
increase in vegetation biomass was always much greater than
that in soils, and it was accomplished primarily by increased
plant productivity, rather than by an expansion of plant cover on
the land surface. Increased plant productivity, with attendant in-
creases in root respiration and bacterial decay of litter, should be
expressed as a decrease in soil carbonate 8'3C, which is what we
observed here.

NEGATIVE CLIMATE FEEDBACK INDUCED
BY INCREASED SOIL DEVELOPMENT

Of further interest is that amplified respiration should in-
crease soil pCO,, leading to an increase in the rate of soil de-
velopment and silicate weathering. More productive soils have
higher pCO,, due to root respiration and bacterial oxidation of
organic matter; this should lead to lower soil pH and therefore
higher chemical weathering rates (e.g., Berner, 1993). This
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effect would be consistent with the marked increase in soil de-
velopment as observed in the Bighorn Basin at the P-E bound-
ary (Gingerich, 1989). Silicate weathering reactions would have
consumed CO,, serving as a direct negative feedback that de-
creased global CO, levels at this time (Zachos and Dickens,
2000). Increased silicate weathering would also have served as
an indirect negative feedback by augmenting the quantity of nu-
trients supplied to oceanic continental margins (Bains et al.,
2000; Zachos and Dickens, 2000), thus supporting a vigorous
biological “pump” caused by increased oceanic productivity
(Bains et al., 2000). Our new data, along with evidence for a syn-
chronized enlargement of marine biomass (Bains et al., 2000),
support the proposition that elevated temperatures and atmos-
pheric CO, concentrations induced intricate negative feedback
processes that increased carbon storage and subsequent burial in
the oceans and on land, thereby withdrawing CO,, from the at-
mosphere and cooling the planet within ~84 k.y.

MAMMALIAN RESPONSES TO A SEQUENTIAL
PERTURBATION OF THE CARBON CYCLE

The P-E boundary in North America has long been known
to coincide with abrupt change from archaic Clarkforkian to
more modern Wasatchian mammals (Granger, 1914; Rose,
1981). The general patterns of dwarfing and faunal turnover at
this boundary are described by Gingerich (this volume). We
sampled 14 fossil localities that span seven successive strati-
graphic intervals in the same composite section as our new 813C
record (stippled in Figure 3) to assess how this paleontological
transition compares to the climate and environmental changes
that we have discussed above. The first three intervals yield
distinctively Clarkforkian mammals (Probathyopsis praecur-
sor, Apheliscus nitidus, Aletodon gunnelli, and Haplomylus
simpsoni, in addition to a high proportion of Copecion
brachypternus and Ectocion osbornianus), which, taken to-
gether, are characteristic of late Clarkforkian age (Cf-3). The
fourth stratigraphic interval is represented by a single locality,
SC-404 (although additional localities representing this interval
are known nearby; Gingerich, 1989), and yields characteristi-
cally Wasatchian endocarps of the dicot Celtis phenacodorum
and a dentary of Meniscotherium priscum, but no later
Wasatchian indicators; hence it is probably Wasatchian in age
(here referred to as “Wa-0?7") and could represent a transient in-
terval of first arrivals and/or appearances of a new dominant
community. The fifth stratigraphic interval, from locality SC-67
and others, yields the classic Wa-0 earliest Wasatchian fauna,
with many species found to be dwarfed relative to congeners
found earlier or later in the same stratigraphic sequence (Gin-
gerich, 1989; Clyde and Gingerich, 1998). The sixth interval is
indeterminately Wa-0 or Wa-1 in age (referred to as “Wa-0 or
Wa-1” in Figure 3). Finally, the seventh stratigraphic interval,
from locality SC-68 and others, yields a large fauna with typi-
cal early Wasatchian (Wa-1) indicators like Haplomylus speiri-

anus, Cantius ralstoni, and Diacodexis metsiacus. Higher strata
nearby yield large Wa-2 through Wa-5 faunas (Gingerich, 2000).

Comparison of our new high-resolution 8'3C record to bi-
otic change across the P-E boundary from the Polecat Bench
shows that the initial stepping in the negative 8'*C excursion
(features “c”, “d”, and “e”) coincides with the interval of local-
ities SC-71 and others, and is clearly of archaic Clarkforkian
Cf-3 mammal age. The appearance of the new Wa-0? Celtis-
Meniscotherium association (in locality SC-404) lags behind the
onset of the initial 8'3C excursion (feature ““c™) by some 15-20
k.y., while the appearance of the classic (dwarfed) Wa-0 mam-
mals (at locality SC-67 and others), including the first repre-
sentatives of Artiodactyla, Perissodactyla, and Primates, follows
the maximum 8'3C excursion by some 10 k.y. The definitive ap-
pearance of “normal” Wa-1 Wasatchian mammals follows the
8!3C recovery (features “h” and “i”’) by some 10-20 k.y. The se-
quential nature of these events strongly suggests that continen-
tal biota were changing in response to abrupt climate change
caused by severe carbon cycle perturbations, and the time-lags
offer insight into the duration necessary for such evolutionary
mechanisms to occur.

The distinctive dwarfing of the classic Wa-0 fauna (which
apparently persisted only through extreme P-E boundary cli-
mate conditions) strongly suggests an evolutionary response to
the global warming and vegetation changes described above.
However, the synchronized and abrupt appearance of major
groups like Artiodactyla, Perissodactyla, Primates, and hyaen-
odontid Creodonta, at the base of Wa-0 time suggests immigra-
tion of species from elsewhere. The source area for the new
North American Wa-0 mammals may be Africa by way of Eu-
rope (Estravis and Russell, 1989), Europe itself (Godinot,
1996), Africa by way of Asia (Gingerich, 1986, 1989), Asia by
way of Europe (Hooker and Dashzeveg, this volume), South
Asia (Krause and Maas, 1990), or Central Asia (Bowen et al.,
2002). Dispersal into North America would have required the
opening of high-latitude connections between northern conti-
nents (Gingerich, 1989; Clyde and Gingerich, 1998; Beard and
Dawson, 1999; Peters and Sloan, 2000). Since this happened
just after the time of maximum &'*C excursion values, and prob-
ably just after the peak of greenhouse induced global warming
(Bains et al., 1999), the ~20 k.y. lag before Wa-0 mammals ap-
peared in North America (see also Gingerich, this volume) may
represent the time required for progressive colonization of in-
tervening areas. A ~20 k.y. lag for mammalian dispersal be-
tween continents is approximately two orders of magnitude less
than mammalian dispersal lags in the range of 14 to 0.7 m.y. re-
viewed by Woodburne and Swisher (1995).

CONCLUSIONS
Our high-resolution terrestrial P-E boundary stable isotope

record contains small-scale structures that may correspond to
multiple gas hydrate dissociation events recently described from
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detailed marine records. Comparisons of these data suggest that
the continental sequence is probably continuous, and that the
terrestrial carbon cycle was also drastically thrown into dis-
equilibrium for a core interval of ~84 k.y. The persistently larger
magnitude of the terrestrial CIE through this 84 k.y. interval
suggests that soil respiration rates in this region may have in-
creased due to the changing environment. Amplified silicate
weathering would have occurred due to elevated respiration
rates, and would have contributed to any negative climate feed-
backs that may have been occurring at this time, by withdraw-
ing CO, from the atmosphere. New mammal fossil collections,
from the same continental P-E boundary sequence from which
we have derived our isotope record, show that the transition
from Clarkforkian to Wasatchian faunal assemblages occurred
in several stages. Given the stepped perturbation of the carbon
cycle that we document, and that the mammal stages lag the
main features of the 8'3C excursion by ~10-20 k.y., evolution-
ary innovations and immigration events at this time were almost
certainly forced by environmental changes.
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